METEOROLOGICAL
FACTORS
ASSOCIATED WITH
DROUGHT ON GUAM

by
Mark A. Lander

/
/
ll.-
P
-
.

WATER AND ENERGY RESEARCH INSTITUTE
OF THE WESTERN PACIFIC
UNIVERSITY OF GUAM

Technical Report No. 75
May 1994




METEOROLOGICAL FACTORS ASSOCIATED WITH
DROUGHT ON GUAM
by
Mark A. Lander

University of Guam
Mangilao, Guam

May 1994

Technical Report No. 75
of the
WATER AND ENERGY RESEARCH INSTITUTE

of the
WESTERN PACIFIC

The work ar whick this report iy based way supported in part by funds provided by
the Office of Maval Resegreh Grome NOOQT4-91-J1721



Abstract

The ramtzll on the tsland of Guam, at 13.5°N, 144.8°E, hay a pronounced temporal
asymmety: roughly one-third of the annual rinnfall accumulates dunng the dry-scason months of
Junuary through June white two-thirds of the annual rarntall accemulates duning the wel-season
months of July through December. The mean annual total rainfadl on Guam vanes From about
B3 inches (2170 mm} at dnier spots to a little over 1O tnches (2540 mm) in wetter arcas,

Despite the relawvely high annual rantall amounts, Guam sullers delelenious citects of
drought almost every dry scason: dessication of grasstands, desiccation and delolintion of some
species of trees, signiticant reduction of strcamflowy, and signiticant reduction of the wiler level
in many of Guam's wells, Wildlires burn thousands of acres dunng many diy seasons. Every
three or four years, the dry season is especially dry and prolonped. Whildtires and stress to local
crops are thereby agpTay aled and prolonged.

The seasonat asymmetry of the rainfall on Guam 1 governed pnmanly by the scasonal
shift of the monsoon trough and its associated vone of monsoonal cloudiness. Dunng January
through Junc, northcasterly tradewinds blow on Guam. In a tradewind regiime the air is sub-
siding, clouds tack vertical development, and rainfall comes in the form of sporadic tradewind
showers. During the rainy season, the monsoon trough beeomes active in the western North
Pacific, allowing decp convective clouds, meso-scale convective cloud systems, and tropieal
cvclones (with ther torrential rains) o affect Guam.

The interannual variation in the rainfall on Guam is strongly affecled by episodes of El
Nino'Southem Oscillation (ENSQO). l:\.-;.cpimn.ll dryness dunnp the dry season and & prolonga-
tion of dryness inwe the carly part of the rainy season arc an cffect that ENSO episades have upon
Guam and all of Micronesia,

As with many meteorological phenomena in the tropics, persistence alse plays a role in
the varation of ratnfafl on Guam. Oddly, the persistence works only onc way, [f the dry season
of 4 particular year is very dry or very wet, the wet scason of that same vear tends 10 be likewise;
hawever, if the wet scason of a particular vear is very dny or very wel, the condition of the
following dry scason is just as likely to be the same as the opposile.

Through use of the relationship of Guam’s rinfall to ENSO and the one-way persisience
ol dry-scason anomalics tate the wet season, some regression cquatons were develuped which
have some skill (when applicd to the dependent data sets) at predicting Guam's annual and
seasonal runlall wotals, A 77% success mate was thereby achieved in a simple forecast of whether
the dry-scasen rainfall would be above or below normal. Given the evolution of, and accurale
forecasts of, the ENSO indices and, also, given the ongoing rainfall anomalies, skilblul lorecasts
(6 1o 12 months in advance) of the annual and scasonal rainfall totals on Guam may be possible.
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The Island of Guam. Elevation is indicated by shading: halt-tone > 100 m
and black > 200 m. Some siles relevant (o the discussion in the text ane

A decomposition of the time serics of the monthly minfall at the Taguac
WSMO: (2) the annual cyele; (b) the trend; and (o) the irrcgular componcnt.
Unils are inches. Prolonged negative anomalies of the trend are shaded. ...

Monthly rainfall distribution al the Taguac WSMO. Median rainiall dunng
the period 1957-1991 is indicated by the short horizontal bars within the
shaded boses. The shaded area above cach bar is (he range of the sccond
quartile, the shaded arca below cach bar is the range of the (hued quantile.
The extreme minimum monthly valucs and the Tour highest monthly values
are indicated by asterisks., .. e

Long-term { 1N 1970) mean surface wind tlow m the western Norh Pacilic
tor selected momhs: {a) August; (€) January; and, {d) Niwember. The
monsoon trough axes are indicated by (he thick dashed lines. The thin lines
are strcamlines, and the thick arrows help o depict the wind direction. Winds
with a westerly com poncat are shaded. Panel {b) shows the monthty mean
positions of the munseen rough. Panels (a), (¢} and (d) arc adapted lrom
Sadler, el al. (1987). Panel (c) 1s based on Akinson {1970y and Sadler and

Example of the wind flow in an active monsoon trough. Streamlines show
low-lgvel wind in the tropical western Nonh Pacific al 00 UTC August 12,
1986, Low-level wind directions are shown lor some selected island locations.
Typhoon Georgetle {located between Wake and Kwajalein) is the only named

tropeal cyelone in this trough at this time. “C™s are cyclonic cirealation centers.

fAdapred Tram JTTWC, IUBE) e e

Monthly distnbution of the long-term { 1900-1979 mean surtace wind near
Guam (adapted from Sadler, etal., 1987). Amows show wind direction.
Arrow length indicates wind speed.

Graphic ilustration of the struciure of a shear line. () Typical cloud and
wind distibution seeompanying a shear line in the weslemn North Pacific.
The thick cioud sysiem of the parent mid-latitude low is shaded. The band
ol Tow-cloud cover along and behind the shear line is indicaled by diagonal
lines., Bold arrows show wind directon. (b1 The wind profile along a linc
passing through the cold front -- point A 10 point B in pancl (a}; and the
wind profile along a linc passing through the shear fine - point C 1o point

Ongins of all tropical cyclones wamed upon by the JTWC during the penod
1570-1991. Origin location of cach cyclone was considered Lo be that poinl
where the cyclone livst atiained a 25 Kt central wind speed. Large star shows
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Figure Papc

9. Rasmusson and Carpenter’s { 1982) ¢composite B Nino. The evolution of
anomalics of the surface wind al the indicated lecation (a), the evolution of
the Southern Oscillaton (b) and Lhe evolution ol the 5T al the indicated
locatems (¢ lor a composile of severul El Nino events are shown. O = Onsct
phase; P= Peak phase; T = Transition phase; and M = Mature phase. ..., 2%

101 Principal ENSO-related precipitation anomalies (adapted from Fig. 21 of
Ropelewski and Halpert, 1987). Salid lines encompassing shaded areas
mdicie ENSO-related dryness; dashed lines cncompassing areas with
“chicken scratches” indicate ENSO-related wetness. Period of ENSO cycle
when the indicaled unomaly oceurs 1s indicated: year (00 is the El Nino yedr

as defined by Rasmusson and Carpenter (1982), e, 29
il. Time-lag auto-comelations of the annual rainlal] at the Taguae WSMO for the

penod 1957-1991 (solid line connecting black dois) and the time-lag auts>-

correlation of the CAC’s SO (dotted line connecling open wriangles). ... 30
12 Annual cycle of: the rainfalt al the Tagoac WSMO (solid line connecting

open circles)y, the streamtlow at the Ugom River gaging staton (dotted line
connecting open triangles); and, the water level in well A-20 (solid line
connecting black dots}. e 3]

13 Running accumulations of the monthly anomalics of: (i) the water level in
well A-200, (b) the streamflow in the Ugpum River; and, (c) the rainfall at the
Taguac WSMO. Shaded arcas show periods of prolonged accumulations of
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Introduction

The island of Guam is the largest and southermmost of the Mariana Islands -- a chain of
high islands of voleanic onigin in the tropical western North Pacitic {WNP). The wpography of
the northern half of Guam differs greatly from that of the southern halt. The southern halt of the
island ts rugged (sce Fig. 13; aridge of high ground runs north-south close 1o the westem coast,
The slope of the werran & very steep (rom this ndgge line W the western coast; Trom the ridge line
lowards the eastem coast the slope is more gradual. The highest point on the dge, which s
knawn as Mount Lam Lam in the indigenous island language, rises wo 400 moabove sea level.
Streams have cul deep valleys into the clevated lermain of southern Guam.

In the simplest of erms, the wpography of the northern hall of Guam can be described as a
limestone plateau, ruised above the sea nearly 200 mon some places, which overhes rock of vol-
canie orgin; i s karst wpography replete with sink holes, imestone caverns, no permanent above-
ground streams, and many naturad springs of Tresh water at the shore (swhich, along most of north-
crn Guam, lics at the basc of precipitous limestone ¢liffsy. Groundwater occurs as a lens of tresh
water floating upon underlving sca water within this limestone {Ikehara, personal communication).

Roughly 1) inches (2340 mm) of rain falls on Guam dunng the calendar year. Even

though the island is guite small (535 km2} and its mountains are relatis ely low (401 m or less} fora
Pacilic hugh island, distnbution of runfall on the island is signiticantly atfected by the otography,
and mean annual rainfall fotals among recording stations on Guam differ by as much ax 400 mm.
Despile its relatively high annual minlzall, Guam suffers mimor o severe deleterions effeuts of
drought almost every dry sgasen: Grasslands become desiceated, some specics ol trees deloliate,
and therc 15 2 sipmificant reduction of streamflow, Wildlires burt several thousand acres of
grassland nearly every dry season. Potable water on Guam is obtained in the south by the dam-
ming of strcamllow {Fena Lake) and by ditcet pumping of stream waler (e.g., the Ugum River
pumping station). In the north, fresh water is drawn from wells which ap the iteshwaler aguiler,

At a rate of about one vear in four, the dry season is especially dry and prolonged. Prob-
lems with wildfires and stress to local agriculiure are thereby spgravated. So lar, the government
of Guam has not had to impose mandalory water ralioning, bul al worsl o recommend conservi-
tion. Mandatory waler-hour restrictions and ratiomng have been imposed by the military in the
past, however, because ol shortages in the Fena Resceryvorr {[kehara, personal communication).
These more serious droughts are closely related 1o episodes of El Nifo/Southern Oscillation

(ENSQ).

This paper examines the metcorological Factors which are associaled with long-icrm (ix
months to several years) luctuatons of the rainfall on Guam. Stalistical properties of the time
serics of Guam’s ranfall and the characteristics of the rain-producing weather disturbances ol the
wet and dry scason are discussed first. The cffects of ENSO upon the rainfall on Guam are then
described. The next section examines the predictatility ol rainfall on Guam vsing indices of ENSG
and information {rom the rainfall ame seres; prediction equations are developed. Finally, the
eftects of prolonged rainfall deficiis on the flow of the Ugum River and the water level in a wcll
which taps the northern aguifer are examined. The Conclusions section summanzes the findings.

Data

Drata used in this study include:

13 Monthly rainfall values (Table 1) at the Weather Scrvice Meteorclogical Observatory
{WSMO?} located at Taguac, Guam (shown on Fig. 1} for the peniod 1957-1902,



2) Annual rainlal] stanstics (Table 23 (rom the Naval Air Station (locanon is shown on
Fig. 1).

3) Monthly values of the Southern Oscitlation index (SO[} (Table 3) as computed by the
United Seate’™s Climate Analysis Center (CAC) for the penod 1957-1962,

43 Monlhly valucs of the Sea Surface Temperature {35T) anomalies (Table 43 in the
castern equatonal Pacific as tabulated by the Japancse Meteoralogical Agency
(IMA] for the peniod 1957-1992,

5) Individusl monthly mean values of the stream(low (Table 53 al the Ugum River gage
{locaton 1s shown on Fig. 1), and

&) [ndividual monthly mean values of the water level (Table 6) in well A-20 (location
shown 1o Fige. 1),

Methodology

To examing the relationship between Guam’s rainfall and ENSO, simultaneous and ume-
lag cross-comrelations were computed between the annual, wel-season, and dry-season rainfall
tedals at the Taguac WSMO and the annual, wel-scason, and dry-scason averages of two ENSO
inihices (the CAC’s 500 and JMA s 55T). Time-lag auto-correlations of the raintall time series and
ol the time scrics of the ENSO indices were computed and compared. Time-lag and simultancous
cross-cortelations between rainfall and the trend of the ENSO indices were also computcd.

In order to study the response of the streamflow and the groundwater Jevel in well A-20 o
varations in rminfall, the record of monthly raindall at the Taguac WSMO was decompuosed into
three components:

17 An "annoal cycle” (Fig. 2a)
21 A" trend” (Fig. 2b)
3 An“imegular” component (Fig. 2¢).

The decomposition of the raintall record into the “annual eyele,” “rend,” and “irrcgular™
componenls was accomplished as {ollows:

17 A live-year moving average composed of the rainfall value of the month in goestion
plus the values of the rminfa)l from that menth during the preceding Iwo years and the ranfall
values (o that month duning the following twe years is applied to the ime series. The moving
average for a particular month 15 given by the averige value ol the nainfall of the remaining three
months after the lowest vatue and the highest value are discarded. The time serics of the values of
the moving average depicl the “annual cycle.”

2} The raw monthly rainfall values were compared to the values of the moving average lor
the respeciive month, and the dhlterences constitute the monthly “anomahies.™ The monthly )
“anomalies™ were then smoothed by vsing a five-month moving average comprised of the month in
question plus the two preceding and the two following months. The three remaining monthly
values, after the highest and lowest values were discarded, were averaged 1o yield the value of the
“trend”™ [or that month.

3) The difference between each month’s “anomaly” and the value of its “trend™ was deemed
10 be the “irregular” component of the time series.

A running accumulation of the “trend” of the rainfall was used o identily major drought
periods and was compared with munning accumulations of the unomalies of streamflow at the
Ugum River gage and with the running accumulation of the water-level anomalies at well A-20.



Long-term deficiis in all three aforementoned runting accomulations are coherent and indicaie the
same drought periods; this is discussed more fully on page 13.

Meteorological Roots of GGuam’s Wet and Dry Seasons
Monthly rainfall distribution

Al the Taguae WEMO, the mean snnual rainfall dunng the period 1957-1992 was 10] .84
inches with a standard deviation of 22.2 inches. The mean dry-scason (Janvary through June)
rainfzll was 31.63 inches with a standard deviation ol 16.62 inches; the mean wet-season (July
through December) rainfall was 70221 with a standard deviation of 9.79 inches (see Table 7). The
wel-season/dry-season split of the annual total is thus 69%/31%. The wetlest annual wtal in the
time senes s lhe 165.91 inches recorded dunng 1976, The drest annual txal in the time series is
the 67.06 inches recorded during 1983, The wettest dry season (93.89 inches) occursed in 1976,
and the dricst dry season (9.5 iaches) occurred in 1983, The wetlest wel season (92.08 inches})
occurred in 1962, and the driest wet scason { .50 inches) ocewred in 1973 (see Table 7).

The lowest mean (4.0% inches) and median (2.66 inches) monthly rainfall occur in March.
The highest mean monthly ranfal! (15.17 inches) cocurs in August; however, the highest median
monthly minfall {14.40 inches) occurs in Sepember (soc Table B). Monthly rainfall values below
one inch have occurred 1n February, March, Aprik, May, and June (see Fig. 3). Monthly rainfali
values above 20 inches have occurred in January, May, July, August, September, and October.
The lowest value of the monthly time scrics of Lthe minfall at the Taguase WSMO 15 the reading of
0.50 inches during April, 1965. The highest monthly value is the 40.13 inches recorded during
May 1976, The 40.13 inches of rainlal recorded during May of 1976 has resulted in the largest
difference {2 47 inches) between the mean moathly and median monthly rainfall for any month
{Table 8).

Weather systems affecting Guam

Guam is located in a region of the world that participaies in the large-scale seasonal weather
changes associated with the monsoons of the castern hemisphere. Dunng the wet season on
Guarn, a monsoon trough (a zonc of Tow pressure which exiends, 1o the mean, from the Asian
maintand (o the south of Guara; see Fig. 4a, b) is the major large-scale weather system which
influences the wind, cloudine:s, and rainfall.

In late spring, a low-pressure trough becomes established over Soulh Asta It extends
{rom Lhe deserts of Saudi Arabia eastward across Iran, Pakistan, Afghanisian, northern India, and
southern China (Sadler et al., 1987). Low-leve! winds are drawn inlo this low-pressure trough
umtil the cooling of the Asian ‘and mass in autumnn leads 0 a rise in pressore over land and a
consequent reversal of the larpe-scale low-level wind. The low-pressure trough of summer s
known as the monsoon trough; the accompanying southwesterly wind flow feeding into it is called
the Southwest Monsoon.  In winter, the winds become nartheasterly and are called the Northeast
Monsoon. The eflects of the monsoon winds upon the climate of India are well-known throughout
the world: Life-giving ruins come with the southwesterly winds of summer, and a long succession
of dry days accompanies the rortheasierly winds of winter and early spring. As with many large-
scale atmospheric phenomena (for example, El Nifio, 40-50 day oscillations, etc.), the allempt o
generalize and standardize the definition of a monsoonal climanc regime has lead to some dispanity
among authors. In particular, the disparily concerning the appropriale delimiting elements has lead
10 a consequent disparity of opinion about what regions of the globe expenence a monisoonal



climate. According & Ramuge’s (1971) defimtion’, the monsoon region lies between 35°N and
258 and between 30PW and 170°E,

[t is universally recogmized thai the largpe-scale periedic reversal of wind cumrents over the
[nizn subcontinent and in other regions commonly acknowledged to possess a monsoenal climate
{e.p., nurthern Australia and sub-Saharan Alrica) is due 10 the seasonal changes in the differential
heating of continents and occans, The sharp fand-sea conlrast contribules to the formation of the
mamsoonal low- pressure Iraugh which stretches across south Asia in summer. A simibar low-
presswre Irough, not associaled with kand-sea contrast, 15 often found over ihe tropical weslern
North Pacilic (WNP)n the sumamer. This trough, and its associated cloudiness, has often heen
called an Iner-tropical Convergence Zone {ITCZ), lumping it together wath the cast-west-oriented
cloud band of the sumc name [vund in the central and eastern Korth Pacific and also in the tropical
Allantic, The low-pressure iough of summer in the tropical WNP, however, has several dynamic
and kinematie teatures which sharply distinguish it from the ITCZ of the Allanlic und castern North
Pacitic (see Atkinson 1971 Sadler 1975; and Sadler ef o 19871, In ander (0 emphasize these
dillerences -- in particular, the presence ol deep moist southwesterly wind tlow i the south of the
trosugh axis in the WNP - the low-pressure trough in the tropical WNP will herein be called a
monsoon trodgh. The term 1TCZ desenibes unly those regions where the oser-waler [ow-pressure
trongh is collocated with the conlluent asymptote of norhcasterly and southesster!y iralewind
currents. Much of Guam’s wel-season rainfall is denived from cloud clusiers and tropical
disturbances which form in of oear the monsoon trough of the WNP.

In long-term averages of low-level wind 11ow and sea-loyvel pressurc (sce Sadler ef af.,
19%7), the monsoon trough of the WNP appears 10 extend castward from the South Asian low-
pressure trough and is accompanicd by low-level southwesierly winds to the south of the trough
axis. This over-waler monsoon rough of the tropical WNP, though loosely anchored Lo the region
of highest sca surface temperature, undergocs substantial migrations and magor changes W its
shuape and orienttion (unlike the monsoon teough over Suuth Asia, which is firmly anchored by
topography. and unlike the I'TCZs of the castern Pacilic and the Atlantic, whose axes do oot siray
far from therr mean-mombly positions).  Durng the summer, the monsaon trough of the WNP
may be found at 2 low latinde, such as 10°N or at a high fatitude, such as 25°N. Tt may be
oricnted NW-SE (the orientation of the mean trough); ib may stretch 2000 km along an easl-wesl
linc [rom the Philippines to the International Date Line; it may be found in a reverse {SW-NE)
crichiabion;, or it may nol be present (a5 an episodic event) when casierly low s found
throughout the tropical WP, Most of the Gme, the monsoon circulaion of the western Nerth
Pacific tukes the Torm of an elongaled boundary between easterly winds 10 1ty nonh and
southwesterly winds to its south {fur example, sce Fig. 53,

The peneral propenics of the over-wader monsoon treugh of the WNP are as follows:

1y s clongated cast-west

21 1t is o nearly linear shear sone bewween casterly and southwesierly wind curres.

31 It pewsesses a nearly Hinear zonally enenied cloud band with most ol the cloedincss
and decp com celiv e clements focated 1o the south ol the trough axis, and

4} Ivis the genesis site ol most ropical evelones of the WNP,

I Rumage detines the monsoon arca as encompassing regions with January and July surface circu-
lutions in which: 1) the prevailing wind direetion shitis by at least 120° between January and July:
23 the average frequency of prevailing wind directions in January and July exceeds 405 3) the

mean resultant winds in at 1east one of the months exceeds 3 ms1; and 4) fewer than one cyclone-
anticyclone allermation oeeurs every wo years in cither menth in a 5° latitude-fongitude tectangle.



By November, the axis of the monsoon trough moves southward from its mean summer
incation and exiends [wrther w the cast. Westerly winds blow at low latitudes of the WNP, and a
sccond monsoon rough axis doyelops in the southem hemisphenc @ tus dme of vear, these
meonsoon roughs are sometimes called, “near-cquacerial rooghs™ (Fig. 4d). At the arrival of the
borcal winter, the monsoon trough of the nonhern hemisphere disappears as northerly winds cross
the equator and then turn to become the northwesterly flow of the Australian Northw est Monsoon.
By carly January, the monseon trough asis of the sowthem hemisphere becomes firmly anchored
actoss northern Australia caspward into the Solomon Islands (Fig. 4e). Tnaddition, tradevwaind
Mlow bocomes Nirmly established over Guam, and the charaeier of the ctowdiness and rainfall on
Guarn {(apart from lale-scasan tropical cyclones) becomes that o tradewind regime. Tradewind
weather conditions dominate the dry season. By July, the tradewimds give way, in the mean, Lo
light sowthcasterly flow (Fig. 63 as the monsoon trough of the WNE lorms and begins o affet
Guam’s weather.

1) Dry season weather systems

The dry season on Guam is dominated by tradewinds. 1n a tradewind regime the air s
subsiding, clowds lack vertical development, and rainfall comes in the fom of sporadic tradew ind
showens. Although the rainfall in tndewind showers may be heavy locally, its normal character iy
brel spales of light 1o moderate raintall. The rain of these showers 1s composed of smaller
draplets than the heavy deluges priduced by the deep convective clouds of summer. Even in the
abscnee of orgamized cloud systemns, the radewind flow s usually peppered with a random disin-
bution of clusters of tradewind showers, Thus, even duning the dry season, a tew light showers
may be expenenced almost daily on Guam (but the accumulated amounts are wsualiy »ery small).
Twa types ol organized wealther syslems can bring substantial runlall t0 Guam dunng the dry
seasom; these are an ofl-scason tropreal eyvelone and a “shear ling,™

During the penicd 19a0-1990, the Joint Typhoon Warning Center (JTTWC) on Guam has
recorded an average of 5.5 tropical cyclones in the WNP during the dry season (JTWC, 1990)
with a monthly disinbution as [ollows:

January -- 0.6 March -- {15 May - 1
February -- (.2 April - 0.7 June -- 2.2,

During the period 1945-1990, twenty-six teapical cyclones passed within 180 nautical miles (n mi)
of Guam during the dry scason (an average of about nne such tropical cvclone every olher dry
scason) (JTWC, 1991},

The other important rain-producing weather system of the dry season is the “shear line”
{Fig. Fa). A “shear line” sccompunies (or can be said ts be) that band of clobds and showers
which are the exiension mta the tropics of the cloud band associated with the cold fronts of the
large extra-tropical storm systems which traverse the mid-latipdes of the North Pacifie, parucularly
during winler and carly spring. The “shear line” poriten of the cold front of o mid-latitude stornm
system is delined by the behavior of ihe wind stuit across the cloed band: Along the cold-front
portion of the cloud band, the wind shifts from southwesterty ahcad (that is, to the cast) of the
clowd band 1o norhwesterly behind (ko the west of) the clovd band. Along the “shear line”™ porion
of the cloud band the winds have an casterly component on both sides, but the wind behind the
clowd band is stronger and usually has a mare northerly component than the wind ahead of il (Fig.
7b). Hence, rather than the abrupt and rclatively large directional shilt of the wind experienced
wilth the passuge of a cold froat in the mid-latiludes, a “shear hne™ passage m the Wopics Or
subtropics of ten brings a dramatic strengthening -- but hittle change in direction -- of the pre-
existing casterly flow. (Note: a gradient of wind speed perpendicular to the direetion of a tlow is
called shear.)



Shear lines can bring s enilicant rainfa!l to Guam. The rainis often lghtand misty (as is
s characier in some tradewind showers), but it persists intermitenty for & day, or longer. At
times there e embedded heay ier showers, and occasionally there is even an outbreak of deeper
conveelive tain clouds along the leading edge of the shear line, Rainlall totals of a hall-inch to over
an inch are common during the one-to-two days of the passage of a strong shear-line cloud band
et Cipm.

21 Wet scison weather syslems

Dunng the wet season, the almosphere over Guam becomes deeply moist and mere
unstable than the atmwsphere of the dry scavon. Large illowing thunderheads (deep convective
clouds vin prow vertically 1w great heights and produce very heavy deluges of lurge-drop raintall.
The origin of most of the wet-scason ramfall can be attributed (o deep convective clouds in various
stapes ol orgamzation andior life eycle. Deep convection can be of the form of an isolated wwer-
ing thunderhead (which may produce a heavy downpour over a very smiall arca, such as a square
Kilometer}, or indisidual Targe convective clouds may coalesoe into a larger clusters known as
Mesoscale Conveclive Systems (MCSs) {Maddox, 1980). An MCS may cover 100X Ly 50,0060
square kilometers and produce steady maderate 0 heavy rainlall over a similar area. Prolonged
ixland-wide downpours are often attributable w the [ormauon (or passage) over Guam of an MCS.
Twar other important organized forms of convective clouds are the tropical cyclone and monsoon
sguabl lines.

In the formatis ¢ stages, 4 wopical evelone may consistof a loosely organized collection of
MCSs. As it intensifics, it develops a persisient ceniral MCS with peripheral convegtive cloud
pands. The core of a typhoon can be said 1o be a persistent schi-sustuming MCS with a hole (the
eve) init. Baved on maximum sustained central wind speed, a tropical eyelone 1 clussilied as
follows:

Tropical depression - <34 knots (kis)

Tropical stomm -- 34-63 kis

Typhiwon -- =04 kis

Super nphoon -- = 128 Kis

Somelimes when the axis of the mansoon trough moves to the north of Guam, strong
southwesterly winds oveur; in this southwesterly wind flow, heavy convective clouds can organize
into long SW-NE onenied syuall lines. While passing over Guam, these monsoon squall lines
may brong gales and very heavy min.

In additon 10 the monscon trough, disturbances in the upper troposphere {25,000 - 60,000
1) influence the distribution and organization of convective clouds in the WNP duning the wet
season, Further technical deseription of how the monsoon trough and disturbances in the upper
troposphere affect the distribution and organization of convection in the WNP 15 beyvond the scope
o (his paper.

In stmmary, wel-scason precipilation is predominanty of convective ongn, Much of the
wel-season precipitation falls as heavy downpours from mdividual actise convective ctowds
although some wet-season rin comes from stratiform (flat) clouds which arc the decaying
remnatts of a prior MCS, Heavy downpours from isolaed convective clouds may cover only
small portions of the island at a given time. Tsland-wide downpours may result from the formation
{or passage} over Guam of an MCS. Other causes of island-wide heavy TWin CVENLS are:

1) Syuall lines 1n strong southwesterly monsoon How:,

3y Convective cloud bands in the peripheral flow of a tropical eyclone; and,

33 Direct passage over the island «af the central MCS of a tropical storm (or in the casc of a
typhoon, the eye wall),



An MCS imats decaying stage may spread steady Light to moderate rain over the enlire
tsland. En the decay stage of an MCS,| the convective clouds become stratiform (e, spread out
and flaitenedy. Rain from stratitorm clowd may compnise a substantial fraction of the oo wor-
seasci rainfall on Guam, The proporiion of raniadl mothe tropies of convective-clowd ongin
versus raintallof seeanform-cloud ongin s 2 geacral guestion ot tropical metcorology that has not
vet been answered,

fmpacts af tropical cyclones on the rainfall of CGuam

The tropical WP 1% the world's most active oceanic basin Tor the formabiom o tropical
cyvolones, Omnerage, there wre approaimately 28 numed tropical eyclones there each year; of
these, an average of 18 become typhoons (and of the typhoons, an average of [our become super
Lyphoonsy. Cuam is located in a region of the tropical WNP whete many tropical eyclones are in
their formative stages, these storms usually reach their peak intensity after passing Guam. O 617
tropical cyelones wamed on by the JIWC during the period 1970)- l"-j":‘l 41% of them [251)
formed cast of Guam's lun_l-:lludc: (see bip. 8. Dunng 1957-1991, 131 tropical eyvelones passed
within 1RO nomi of Guam (TTWC, 19900 30 passed within &0 nomi of Guam; and six passed
wilhin [0 n mi orless. Ater adding the ﬁluli.'-:ti{:ﬂ for 1942 {an unprecedented year Tor numberns ol
Gvprhoons kung Guam) the alorementioned numbers become: 138 within 183 noma; 25 within 60
nomi, and 13 within 143 0 myoor less,

Summing the masamum raindal]l measured vn Guam for cach of the tropical eyclones which
passed within 150 1 mi of Cuam during the period 1957- 19092 and companng thal vidue 1 the
tefal runfadl s the Taguac WSMO (Note: The maximum ranfall recorded dunng the passage of a
tropacal cyelome wathin 180 oo of Guam was ool always recorded al the Tageac WEMO, but
herem will he tecated 25 18 o had been ) shows thal about 129, of the lomg-lerm { 1957-19%92) mean
rain-lall {angual -- 1174 dry season -- Q.09 and, wet season - 12,99 can be allnbuted 1o
tropical cyelones passing within 180 n mi of Guam. Yarubility in the ranlall on Guam attnbutable
1o roprcad cyelones passing withim 180 n mie ranges foom 4197 10 1992, 2859 o 1980, 215 1n
1976, tonone 10 1973 and 1975, The rask cross-cortelation of +.40 between the annual ram otals
and the number of tropical cyclones passing witlhin 180 n o of Guam is statisieally sipruticant a
the 5% level ol conlidence. The highest daly rantatl total ever measured on Guam was the
27.00 inchex recorded at ke Tapuae WEMO on Muy 24, 1976, during the passage of Typhoon
Pamela direcdy oner Guam,

While itis troe that much of Guam's rainball oceurs 1o tropical disturbances tha cventually
develop into ropical eyclones afler moving beyond 180 0 mu trom Guam, and also that some of the
ramla!! on Guam can be produced by bandy of clowds associated with tropical cyelones passing
more than 180 n o fram Guam, statistics tor such events have never been cotlected. Even if they
wire, they would often be difficult o inkerpret. For example, suppose thal a ropical storm is
cmbedded in o monsoon clowd band and that the tropicad sgwm s more than 120 0 mi from Guam.
Suppose Lurther that Guam is receiving heavy run [rom monsoon syualls i the mansoon cloud
bund. The (urther the distance. the more arbitrany andor ambiguous the pomnt at which the mintall
uttnbutable 1o the troprcad cyvelone boeomes,

I summary: Over the long run, approsamately 129 of Goam's rainfall 15 associated with
tropical cvelones passing within 180 0 mu. Certainly, some of the cloud clusters which produce
rain on Guam later bevome tropical eyclones: however, no statistics arc available on the magniwde
of their contrbution 10 Guams long-terim rminfalt otals, Many tropwal cyclones passing Guam
beyond 180 nmi also directly or indirectly produce ramladl on Guam, bul al karger distances it
becomes more diflicult to separate the clouds and rin directly associated with a trivpical cyelone
from the clowds and rain due 0 other factors such as the monsoon trough or upper-level
disturbances.



Effects of ENSO Upon the Rainfall on Guam
Descnption of El Nire and the Soathern Oscillution

13 El Nins
Ramage (1981 and 1986} desenibes the EI Nifo phanomenon ws Tollows:

For more Than a ceatory the name Bl Nife, the Spanish term for the Chnst
child, has been applied by lishermen o the annual appearance st Chnstmay time
of warm waler ofl the coast of Icuador and notthern Peri,

lwr most aof (he vear, The ocean surface waters off Pero and beuador are cool.
The combined action of southerh winds hlowing parallel to the South Amencan
coast and the eadh's rotativn, Lorces cool, nutrient-rich wader 10 "upwell” w e
surface, In the sonlit upper layers phyloplankton grow in profusion and arc
prazed by zooplankton. These in luro are ealen By anchovies which comprise the
world's largest single fishery tesource.

Iiveny year, around Christmas @ warm current moves goglh ofl Louador,
displacing 1he coud surface waters -- (he phenomenon knewr as Bl Nifo. Tishing
is slightly disrupled but the elfeet s short-lived  Oceasionatly, however {in L8,
125, 1941, 1957 58, 1965, 1972-73, and 1970 |subsequently alsor 1982 83,
1927, 19951-93], b Nifio is much more ioteose and prolonped. Sei-surface
temperatures nise aluag the coast of Peru, and in (he cquatadal eastern Pacitic, and
may stay high Tor more than a year  T'he anchosy fishery is distupted, and
unusoally beavy rain may lalt over western (ropical Soutk America. Inrecent
years 1ls otiginal meaning bhas lapsed. now o uceanographiers and neteorologists
“1il Nifie” signifies the major phenomenon. There is now geperal agreemenlt oo
the broad features of I3 Nigo, Io the tropical cast Pacilic beyond the immediane
Suuth American coastal waters, Bl Nifio is associated with South Pacitic trade
winds relatively weaket than North Pacific trade winds, the North Pacific near-
cquatotial convergence zone |which is coincident with the east-west oricoted band
of heavy rain clouds of the castern North Pacific commonly referred Lo as the
Inter-{ropical Canvergence Yone] nearer than normat W the equaloer, and
development ol cquatorial westerlics and bad weather up 10 207 of longitude casl
of he daweline. Sca surlace lemperatures are generally well above normal along
the equator and off South Amenca, and pusilive anomatics may cxtend beyond
HFN amd 1075,

1< wiio generally scts i around March or April and may last a0 year ar mere

The intense warmings ol the castern cquatorial Pacific (the metcorological El Nifios) arc
known ta be closely linked with the behavior ol the Southern Oscillaton (a massive seesawing of
atmospheric pressure between the southcastern and the ropical weslem Pacific). Many indices ol
the Southern Oscillation have been proposed and used. The warm-water episodes ol El Nipo
comeide with negative anomalics of indices of the Southern Oscillation. The cold episcdes are
seer o coincide with positive anomalies of indices of the SBouthern Oscillation.

) The Southem Cscillabion
Quoting again from Ramage { 1980):

The first major step 1oward understandimsg L Nifio was taken i 1966 by
Jacob Bjerknes of the University of Califormia at 1.os Angeles, who noted that the
anomalous warming of the sea is associaled with the Southern Oscillation. The
Southern Ckscillation, First observed in 1924 by Sir Gilbert Walker, is 4 transpacilic
linkage of aunasphenc pressaee systems. When pressure rises in the high-pressore
system cenlered on Faster Island, it (2lls in the Tow-pressure system over Indonesia
and northern Australia, and vice versa  To quantify the phenomenon Walker



defined the Southern Oscillation index, which is calewlaled by subtracting pressnre
im the westem Pacific from pressure in the eastern Pacific. The index is positive
when the difference between cast and west is higher then notmal and nepative
when the ditlerenee is lower than normal,

The clese hink of the mayor warminp of the sea surfsce wemperature of the easlem equatorial
Pacilic dunng El Nitio with negative anomalies of the Southern Oseillation index has prompled
seienusts o catl the phenomenon of EL Nifwo, ERSC (an avronym deny ed Trom Bl Nifo/Southem
Osetllation). In this report the monthly values of the Southemn Oscillation indey, as delined and
compultad by the United Stutes Climate Analysis Center, are used (Sce CAC, 1986, tur o
deseription and long-term tzbulatons of several indices of the Southern Oseillation.)

Global and regional precipitation anomalies associwted with ENSO

Rasmusson and Carpenler (1982) (referred to herealter as RC) conslucted @ composile
of several ENSO events to describe the typical evoelution of atmosphenic and oceame anomalics
associaled with an ENSO ¢vent. The terminology which RC used in the descripiion of their
cotnposite ENSO event is widely used. RC established that an ENSO cvent lasis one year, with
SOMC precursory changes noted in the year befiore ENSO and some cffects lingering into the year
iollowing the ENSO year. The ENSO year was designated as year ((h; Lhe preceding vear 98 year
{-1): and, the year (ollowing the ENSO veur was designaled year (+1). [n a Lurther breakdown of
the evolution of the wind (Fix. 9a). the Southern Oscillanon (Fig. Sb), and the sea surface
temperature (Fig. 9¢) duniag their composite ENSO, RC describe four phases of ENSOx

1) The onset phase

2) The peak phasc

3} The ransition phasc
43 'I'he mature phase

Using the RC scheme, Ropelewski and Halpert (1987} investigated the typieal plobal and
larpe-scale regional precipilation patterns thal are associated with ENSO. They identified several
global core regions that appeared (o have a clear ENSO-precipitation relationsip (sce Fig. 103,
Guam and Microngsia lic within an ENSO core region which, according to Ropelewski and
Halpert, leatures less than normal rainfall from October of year (00 1o May of ycar (+1).

The relationships of the rainfall on Guam with indices of ENSO

[n order 1 compare the rainlall on Guam with ENSCGrindices, the monthly rainfall stanstics
at the Tugtae WSMO were compiled into calendar-year totals, January-to-June {dry scison) tals
and July-10-December (wel season) (otals (see Table ). Two ENSO indices {the CAC™s monihly
S0[ and IMA' s castern equatorial Pacific SST monthly SST anomahes) were also averaged Tor the
annual, dry-scason and wet-scason periods. [n addition, the change of the ENSQ indices between
several pairs of back-to-back four-month pericds were tabuluted.

In summary, the following statisties ol the raniall at the Taguac WSMO and of the ENSO
indices were computed:

13 The anaual raintall totals at the Taguac WSMO: <Rain>
2y The Januwary-to-June dry-season rainiall; Rain Dry
3) The July-to-December wet-scason rainfall: Rain Wet
4} The annual average of the CAC's 50! <80I>

5) The annual average of the JIMA’s 58T <S8T>
&) The dry-season average of the CACs 8QL SOl Iy
7y The dry-season uverage of IMA’s 58T SST Dry



¥} The wet-scason averape of the CAC s SO S0O1 Wel

9y The wet-scason average of IMA™s 85T S5T Wal
11 The change uf the SO6 between Now-Feb and Mar-Jun: D501
L1} The changee ol the 85T between Now - Feboand BMar-Jon: D{58T
12} The chinpe of the SOI between Jun-Apr and May-Aug: D580
12y The change of the 881 beiween Jun-Apr and May-Aug D,88T
14y The change of the 501 between Jan-Jun and Jul-Dee: DyS01
15) The vhange of the 357 between Jan-Jun and Jul-Tiec: D;88T
13 "I'he change of the 88T between Jun-Sep and Oct-Jun; DS8T
|73 "The anaual number of lropicad cyvelunes passing within
1500 o of Guany: <TC- 180>

Sume cross-correlations amonp these statistics were compuled (luble 93, The values of
the cross-vorrclauons and of the tme-lag cross-cotrelauons appearing 1o Table 9 indicate that the
annual, dry-scason, amd wet-scasot rainfall wials are significantly related 1o ENSO indices. The
strompest relationship is that belween <Rain und D 88T, The cress-correlation value of 57
indicates @ sharcd sariance of 32'%% between these two tme series. Thus, when the 85T ol the
castern cguatonal Pactiic wanms teools) during the boreal winter into spring. there is a statistically
significant tendency tor the annual rainfald etal 1o be above (below) normal.

Among only the dry-season rasnfal] tolals {Rain Diry), the highest cross-correlation is with
the sitmuliancous dry-season average of the SO {designaled SO Dry}). The second highest
crass-ginmelation 15 wilh the change o the SO[ between January-to-April and May-to-August
(designated B,501). Thus, when the $O1 is nsing (tulling) during the dry season, the dry-season
rainfall Ll wnds 1o be below {ubove) average. The association of below-uverage dry-scason
ranfall with a simultancows rise of the SOL 15 consistent with the finding of Ropelewski and
Halpert {14973 that Micnomesia espeniences a drought dunng October (3 10 May (+1) of an ENSO
cpisole. During this part of the ENSO cyele Rasmusson and Carpenter (1982} showed that the
SO0 steadily mses,

The wel-seuson nanlall totals are sigmficantly conrclaled {at a ime lug) with the same
FNSO indtees with which the dry-season runful] totals show staustically sipnificant simultaneous
correlations. Interestingly, the wei-scason rainfail totals are not significantly corrclated with
amtaneous i erages of ENSO indices, In addition 1o the statusticably significant Uime-lag cross-
conrelations o the wel-scason runfall totals with ENSO indices, there is a swatistically significant
cross—correlation between the dry-season raintal! anomaly and the wel-season rainfall anomaly.
This carry=n er of (he dy-season anomaly into the wet season is known as persisience. Thus, if a
dry season of a particular calendar year is drier or wetter than normal, the following wet season of
that same calendar year has a tendeney to be likewise. The persistence of rainlall anomalies is only
one wiay, however. Wet-season anomalics are nut carried over into the tollowing dry season. The
time-lag cross-correlation between the wet seusons and their tollowing dry seasons does not differ
sigmlicantly tromn soro {Table 9.

Additional evidence of 4 strong relationship between Guam’s minfall and ENSO is shown
by a compatisan of the teme-lag auto corrclabon of Guam's annual runfall with a urae-lag auto-
corrclation o an ENSO index (Fig- 11). A 4 1o 5 year periodicity is common to the ume serics of
Guam's annual rintall wils and the time series of the SOL und the SST anomalies of the castern
equatorial Pacilic. The length of the periedicity is roughly the average interval between mixleTale-
to-strong Bl Nifio events (Quinn, ef af., 1978).

Tn summary, the annual rainfall ttals on Guam are influenced by ENSO. Exceptionally

dry years tend Lo oceur v hen the SST anomalies ol the castern cquatonal Pacific full sharply dunng
the dry scuson. Two such years, 1973 and 1963, arc the driest years in the recond.  Dry-season
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ndnlall waly are also related 10 ENSO. Exceptionatly low dry-season rainfall tetals occur when
the SST anomalics of the casiern equatorial Pacilic cool (and the SOI riscs) during the dry season.
This ix consistent with the finding by Ropelewskr and Halpert ( 1987) that Micronesia experiences
drought during the winter and spring of the yeur following an ENSO event. Wel-season rainfall is
alsa telated wr ENSQ in a manner similar 1o the dry scason;, but an additional lactor is a persisienee
ol Jry-season anomalics into the wel scason of the same calepdar year.

Prediction of Seasonal Rainfall on Guam

Herein, the utihity of ENSO (specilically, the SO0 and eastern equatorial Pacilic S5T as
indices of ENSO) and the persistenee of scasonit] raintall anomalies as predictors for seasonal
rutnfall totals on Guam are examined. Twao torccasting strategies were used:

Iy Forecasi the seasonal ranlall on Guam hased on Torecast values of ENSO indices
expecied to ooeur simultancously with that rwnfall and

7 Furceast the scasenal rainfall on Guam based on the magnitude and evolution of
ENSO indices and seasonal rinfall anomalies prior to the peniod for which the
forccast of rainfal] 15 desired.

These two strteiios were wested using known ENSO indices and seasonal rainfall (otals during the
penioxd 1957-1991. The first stratepy was evaluated vsing a perfect-prog approuach {that is, the
known fulure values of ENSO indices were used as the forecast values), The second stralegy, a
timce-lag approach, was evaluated by comparing ENSC indices and rainfall anomalies oceurting
prior ko the season for wiuch arainfall forecast is desired.

The perfect-prog approach

The cross-comelation coefticients between ENSO indices and scasonal rainfall totals (Table
7) can be used in 4 lincar regression e predict the value of one variable given the value of the
other. The best prediction that a lincar regression can yicld 15 given by

LA }x:{ﬂ{u fspd (B )Y + A (1

where: ¢} indicates predicted value:
{ )" indicates departure Trom the mean vidoe;
subseript 1 indicates the i vatue of the time serics,
sy anted Ny are the standard dey iations of vaciables A and B respectively;
115 the cross~corrclation coelTicient between variables A and B; and
the overbar indicates the mean value of the lime senes.

A regression equation of the Torm of cyuation (1)

Rain Dry = {11451 (S0OI1 Dry)’ + 31.63 ]
is successiul 26 imes out of 35, or 744 in predicling whether Rain Dry would be above or
helow nurmad (or the vears 1957-1991, Additionat skill is oblained by adding a second variable w

cquation (2}, The following multiple-lincar regression equation

Rain Dry = 11.45 (SO1 Dry)” - 415 (D, SOI}’ +31.63 (3)
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15 successiul 27 nmes oul of 35, or 77% ., in predicting whether Rain Dry would be abine or
below normal lor Lhe years 1957-1991. Another regrossion cyuation that shows some prodictive
skall inoa perlfeot-prog mode s

<Rain>= -9.57 (D4 501} + 101.84 {4)

Equations {27, (3), and (4) are bused upon ENSCHindices occuming simullancously with
the rainiall. In order 1 use these equations o predict Guam's ronfal! in advance, an sccurate
forecast of the ENSO indices must be available, Forecasts of ENSO indices al up Lo a 15-month
lead time are routingly published in the Climate Diagnostics Bulletin? issued by the United Sules
Climate Analysis Center, Forecasts of ENSO indices have appeared in the Clineare Dragrostis
Bulletin since 1988, Given this short tecord, 108 (oo early 10 perfomm a meaningful evaluaton of
thetr use in making long-range (6-12 month) rainlall forecasts lor Guam, The relatively high (71
7% e of sueeess of the perfect-prog forecasts in making some simple abon e or below -normal
ruinfall furceasts for Guam suggests that accurale forecasts of ENSO indives could be helplul in
making long-range rainfall predichons for Guam.

Time-lag forecasts

Because perfect long-range lorecasts of ENSO indives are not available and because fore-
casts of ENSO indives have only been issued for a few vears (and are sill considered experi-
rmental), 2 lime-lag forecast might be more successful. The linding in Reid er e, (15954) that there
is a 2- to S-month lag ol the ropical atmospheric temperature to the ropicad SST tends support o a
time-lag approach. In addition, at a time lag, the strong persistence of rainfall anomalies from the
dry season of a given calendar year into the wet season of that same calendar year can be used as o
predictor.

For dry-season rainfall totals, there is no pemsistence of the prior year's annual or wel-
season anomalics. Thus, only ENSO indices offer hape as usetul predictors, Only one index (i a
ime-lag mode), the change of the 8ST between the June-to-September average and the October-
to-January average (designated Iy SST) has a statistically signilicant rank cross-comelation (see
Table 7). A regression cquation of the form of Equation (1) developed from the cross—corrclation
berween these two variables

Rain Dry =(-12.25) (Dy SST)’ + 31.63 (5)

is successful 19 times outof 35, or 34%, in making a simple predicition whether the dry-scason
rainfall ot would be above or below normal {not a very skillful prediction).

For the wel-scason rainfall totals, ENSQ indices and the persistence of dry-season
anomalies into the wet scason yield much more skillful regression equations. The following lincar
and muliiple-linear regression equabions:

Rain Wet = {({1.22) {(Rain Dry)" + 70.21 (&)
Rain Wet = ((.22) (Rain Dry)" + 3.4% (I} S8 + 70.21 {7
Rain Wet = {0.22) (Rain Dry)’ +3.76 (D SST} + 70.21 (%

are correct 25 limes out of 35 (71%), 26 times cul of 35 (74%) and 23 times out of 35 {66°%),
respectively, in making a simple forecast of above or below nonmal wel-season ral nlall.

IThe Climete Diagnostics Bullerin issued by ihe United States Climate Analysis Cenler can
be oblained from: The U.S. Department of Commerce, NOA A/National Weather Senvice,
INMCS2, Chimate Diagnostics Bulletun, Washington, DC 200233,
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Rainfall, Streamflow, and Groundwater

The streams of southern Guam and the I'reshwalter aquiler of northern Guam are fed and
rechirged solely by the rain which Balls on Guam. The mountaing of Guam are relatisely low; the
highest peak s 401 m. They are rarely enshrouded in cloud s the trpical cloud base of tropicul
cumulus clouds ranges from 53000 700 m. Fog-drip is therefore unlikely o contribute o Guams
waler supply. By contrust, in Hawaii, fog-drip can contribute on the order of 1000 mm of
cytvalent annual precipitation in cloud-enshrouded forests at higher clevations.

Runfull of conveetive orgin, though very heavy, can cover an extremely small area A
few inches of rain may fall during an hour ar twe over the smabl walersheds of ane or two streams
while wdjacent watersheds ind streams may be unaflecied.  Istand-wide downpours may cause
Nooding in most, or all, of Guam’™s seuthern streams and wemporany surface ponding ol waler in
depressions in the lopography of the limestone plateau of northern Guam,

The recharge value of small and jsolaled versus island-wide heavy ramn o, and 1ts distri-
bution within, Guarm’s northern aguiler is not fully documented. The water level in most of the
wells tapping the northern agwter varey not only with vanations in rainfail buy also with the
surrounding cecan’s tidal signals. A majonty of wells drolled in the limestone of portherm Guam
show a strong annual cycle largely due o the influence of the veean's tdal cyclicity, nol neces-
sarily just from Guam's duad scasonality (lkehara, personal communication). Well A-20 in Ordot,
Cruam (see Fig. | lorits location), was chosen for companison with rainfall because the waler level
recirds lor this well do ot imdicaie udal Nuetuations w hich can obscure evidence of recharge
CvVETIS.

In order o study the etfects of temporal variations of minfall on Guam o temporal vari-
ations in sircamilos and groundwater, statisues derived (rom the time sefics of the sireamilow at
the Lgum River gage (Table 3) and the ime senes of the waler level in well A-20 were companzd
wilh temporal vaniations in the rainfatl at the Taguac WSMO (Table ). The response of stream-
Neww and groundwater 1o the nommal annual cycle of wet and dry scasons and to extended periods
of runfall deticiis and surpluses is examined nextr,

The annual eyvele

Guam’s long-term ( 1957-1991) mean monthly rambal features a strong annoal cycle
composed of a dry season {January through June) and a wet scasom (July through December). Of
the 101,54 inches of annwal mean rainiall o the Taguae WSMO, 31.63 inches falls duning Junuary
through June and 70.21 inches [alls dunng July through December. The monthly distribution of
rainlall dunng the calendar year 15 nearly sinusowdal (Fig. 12) with a nurimum median raindall of
2.7 inches during March and a maximum median rainfall of 14.4 inches during September.

The lotg-term (1978 1992) mean monthly streamfiow at the Ulgum River gage is
cssentiully in phase with the long-term mean monthly ranfall distnbution (Fig. 12). There is a
one-month lag in the minumum sucamilow (A pril versus the March minimum of the min), but the
maximum streamilow peaks along with the maximum median rainfall in September. Because the
wilersheds for Guam's streams are <0 small, an in-phase tracking of streamilow with rinfall is to
bc cxpected.

The long-term (1978-1991) mean monthly waler level 1o weld A-201s almost 180 degrees
ot of phase with the long-term moemhly rinlall distribution (Fig. 12). The waler level in the well
peiks in Tebruary fone month behind the minimum monthly rainfalf in Marchy and falls o its
lowest level in Seplember just as the monthly cunlall reaches 1y peak. These data show that a
considerable time lag exists From the momernt runladl begins W fall on the ground at the onset of the
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riny scison unll the ren as recharge hos actualby reached the waler ible. The nme laz may
actuadly b shorter or lnger in ather arcas depending on the hydraulic charactensties of the agluler
there {Tkehara, persomal communication).

Drought

Cing: tay arguc that Guam espericnees a six-month drought almeost cveny year durning the
dry season.  Deleterions effects of Taek of raintall oceur almost every dry scason: desiecation of
prasslands, desiveation and deloliation of some species of trees, and signifreant reduction of
streamilons . The drving of the grasslands leads oo problem with wildiires, and the drawdown of
strcamilow Teads v o depletion of sader resen eg in the Fena resenvorr.

Tovery three or tour years, the dry season is espeeially dry and prolonged. Problems with
wildlires and stress to local crops and golf-course grasses ure thereby aggravited, Fseeptional
dryness duning the dry scason kends to persist into the wot scason of the same calendar year,

These periods of oxtended monthly rainfatl deficits are usaally linked with ENSO cpisndes. Tn
order 0 idemify the eftect of prolunged monthly rainfall deficits on strcamilow and groundwaler, a
running accimutlation of monthly minfall anomalies was compared with a ranning accumulanon of
the monthly anomalies of the streamilos at the Ugnm River gage and with a runnimg accumulation
ot the waler-level anornalics in well A-20. The runlal anomalies used in the companson are the
rainfall ~“trend™ (Fig. 2b) which wias caleulated in secordance with the methodology described
under that hoading.

Running accumulations of the anomalics of the raintull, strearnt bow and well level (Fig. 13)
all indicate the sume penods of long-term rises and {adls. Long-term (on the order of twva years)
running deficits {dehned herein as drought periods) in the suinfall, streamfow, and well level have
ocenrred three umes sinee the time seics of the streamflow and well fevel began in laie 1977 (see
Fig. 13): kue 1977 through late 1979 mid- 1982 through mid-1984; and latc 1986 through 1985,
The latter two drought perinds coincided with strong ENSO episodes. The running accumulalions
ol the anomalics of the rainfalt, streamflow, and well fevel appear to be in phase (e no tme lags
dre apparcnt],

A lomper unning accumvlation of rainfall anomalics for the period 1939 through early 149949
adds the tollowtng drought periods W those appearing in Figure 13: 1959 through mid- 1962, md-
1964 through 1966; luic 1968 through late 1969; and 1973 throuph early 1974, The last three of
these four drought periods coincide with ENSO cpisodes.

Conclusions

Guam les within the large region of the globe affected by the monscons of the easters
hemisphere. The monthly rainfal) distibution on Guam has & marked scasonal asymmetry. with
aboul 0% of the rain accumulating duning the dry-season months of January through June and
KA of the unnual rain accumulating during the wel-season months of July through December.
The normat scasonal inequity of ranfall can be directy attributed ko the seasonal behavior of the
monsoen ough ol the WNE.

During the dry seasor, the monsoon trough in the northern hemisphere 1s not present, of
lics at a very low latitude. Throughoui most of the dry season, tradewinds blow on Guam, {n the
generally subsident atmosphere of a tradewind regime, ctouds lack verical development, and
raindall 15 wsually very light. Occasionally, the low latitude portions ol the frontal cloud bands
agsociated with the mid latitude storm systems of winter and spring pass over Guam in the form of
a “shear line.” T'he “shear lines™ of the dry season may be responsible for a large fraction of
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Ciuam's dry-scason rianfall. Off-scason tropical eyclones passing near Guam during the dry
scason account for about HOF of Guam’™s long-lerm ( 1957-1992) dry-season rantall,

Durtng the wet scason, the monsoon trough moves te a higher latitude. In the mean, it
moves i position just south of Guam dunng Avgust and Seplember. Tropical cyclones, squall
s, and wther forms of cloud clusters associated with the monsoon trough aflect Guam
throughout the rainy scason. In addion, deep comvective clouds associated with vpper-
atmespheric disturbances also contribute to Guam’'s wet-season runfall, Of the alorementioned
specilic clowd systems, this report addressed only the relauve comnbution we Guarn’s ranlall of
troprcal cyclones passing within 1800 mic Tropeal cvelones passing within 180 n mi ol Guam
contabule about 129 ol the total Yong-term ( 1957- 1992) accumulaed rainfall. Dunng 1992, the
seven ropical cyelones passing within 180 a mi of Guam contributed 41%: 1o that yvear's anmial
tatal, During 1973 and 1975, no ropical eyelones passed within 180 n mi of Guarn.

ENSO episodes have a strong influence on the interannual fluctuations of raintall on Guam.
During some ENSO events in the past, Guam (and all of Micronesia) experienced drought. These
droughts typreally oecurred during the vear inwhich the ENSO indices were recovermy from El
Nino anomalies,  ENSC events recur about once every four years, and this 1s also true of
excoptionally dry vears on Guam.

Persistence alse plays a role in the scasonal distibution of rainiall on Guam: If the dry
season of 4 particular calendar year is unusually dry, the wet scuson of that same calendar year
tends (o be unuseally dry. Persistence does not carry over from the wet scason into the next year's
dry season. The comelation between wet-scason ancmalies and the anomalies of the lollowing
yedr's dry season 15 zero.

Through use of the known eitects of ENSO and pervistence on the anmual and scasonal
rainfall on Guam, prediction equations (in the lorm of simpic lincar and muliiple lincar
repressions) show as much as 776 skill in simple prediciions ol above or below notmak ramflall
for some given time periods. Because some of the prediction equations use ENSO indiccs
oceurmng simultancousiy with the desired period of predicicd menfall, accurate forceasts of the
ENSQ indices are an additional requirement to make the equatioms usetul. Routine torecasts of
ENSO indices are produced by the U S, Climate Analysis Center. insofar as they are acourat,
and as they improve, fong-term (51X months to a year in advance) rainfall predicuon on Guam has
thc potenual of beeoming s useful eivie planning tool.

Bocause of its small size, the island of Guam experiences deletenions elfects of drought
even during the pormal dry season. Prolonged peniods of below-normal monthly rainlall are
especially hard on the {Tora, launa, and human users of water on Guam. Accumulative anomalics
ol the monthly mean strearnflow and proundwater levels show an in-kind and simultaneous
response to the secumulative anomalics of menthly rainfall, Prolonged droughts hiave a strong
ENSO conncetion. Very dry years, such as 1973 and 1983, were the reeovery years of strong
ENSO cpisedes. Potable fresh water is a precious resource on Guam, and il is hoped thal this
technical repont will promote a grealer appreciation for, and understanding ot the complexitics of
the local meteorology and hydrology,
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Figure 1. The Islund of Goam. Elevation is indicated by shading: half-tone > 100 m and
black > 200 m. Some sites relevant to the discussion in the text are labeled,
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Figure 2. A decompaosition of the time series of the monthly rainfall at the Taguac WEMO:
fa) the annual cycle: (b} the trend: and (c) the irregular component. Units are
inches. Prolonged negative anomalies of the trend are shaded.
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Vonthly rainfall distribution at the Taguac WSM{O. Median rainfall
during the period 1957-1991 is indicated by the short horizontal bars
within the shaded boxes. The shaded aren above each bar is the range
of 1he second quartile, the shaded area below each bar is the range of
the third quartile, The extreme minimum monthly values and the
four highest monthly values are indicated by asterisks.
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Long-term { |930-1979) mean surface wind flow in the western Norith Pacific for selected months:
The monsoon trough axes are indicated by the thick dashed
The thin lines are streamlines, and the thich arrows help to depict the wind direclion. Yinds
Panel (b} shows the monthiy mean posilions of the monsoon
Panel (c) is hased on Atlkinson

August: (¢ January; and, (d) November.
lines.

with a westerly componenti are shaded.
treugh. Panels (ap, () and (d) are adapted from Sadler, et al. {1987}

(1970} and Sudler and Harris (1970).
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Example of the wind Mow in an active menseen trough. Streamtlines show low-level
wind in the tropical western North Pacific at 00 UTC Aupgust 12, 1986. Low-level
wind directions are shown for some selecled islund locations. Typhoon Georgette
(located between Wake and Kwajalein) is the only named tropcal cyclone in this troegh
at this time. *“C"s are c¢yelonic circulation centers. (Adapted from JTWC, 1986.)
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Figure 6. Monthly distribution of the long-lerm (190{)-1979) mean
surface wind near Guam (adapted from Sadler, et al., 1987).

Arrows show wind direction. Arrow length indicates wind
speed.
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Figure 7.

Graphic illustration of the structure of a shear line. (a} Typical cloud and wind distribution

accompanying & shear line in the western Worth Pacifie. The thick cloud system of the parent
mid-latitude low js shaded. The band of low-cloud cover along and behind the shear line is

indicated by diapgonal lines. Bold arrows show wind direction.

(b} The wind profile along a

line passing through the cold front -- point A to point B in panel (a); and the wind profile

along a line passing through the shear lne --

point C to point I in panel (a).
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Figure 10. Principal ENSO-related precipitation anomalies (adapted from Fig. 21
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Figure 11.

1 TIME LAG (YEARS)

Time-lag aulv-correlations of the annual rainfall at the Taguac WSMO
for the period 1957-1991 {solid line connecting biack dots) and the time-
Iag auto-correlation of the CAC’s SOl (dotted line connecting open
triangles).

30



o
]

MEHAN RAINFALL (INCHES)
wn
I

D_
Figure 12,

WELL LEVEL {FEET ABOYE MEAN SEA LEVEL)

45
-50 &
=
o
2
o
40
1 ]
o
o
40 30 ﬁ
W
o
3
20 O
=
O
-l
-10 =
=
35- i
|_
®n
L0

e
- —
=
S
=
—
[ =
>
—
O
=~
o
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open circles); the streamfow at the Ugum River gaging station (dotted line
connecting open triangles}; and, the water level in well A28 (solid line
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Table 1.

Monthly rainfall (in inches) at the Weather Service Meteorological Observatory (WMO 91217 a0 Taguac, {ruam.

YEAR Jan Yeb Mar Apor Max Jun Jal Aug Sep Ot Moy s Anaual
1958 b L 11 45 L fl.e
957 35 57 300 313 | B3 KR 474 1377 1474 AR ILEE N ANl
1958 Tl *23 1.1 2 3R7 11,54 12184 1122 I+43 12.12 80 363 e
1959 3da 227 105 323 {1.50 L alh 11.5 I8 3k 14078 L1 7t fh.3%1] TR
1940 2N R 1.73 | 4 B&D 754 703 1482 B3s 11.7% b3 25 LTI
1941 FAVD LS 485 4708 53 354] LN el 1540 177 Y’ 434 PR
1962 224 DT I &6 R tr Ed T3 14,18 1412 2186 1495 1500 1308 et P
1963 433 N 244 1953 1154 T11 11.25 11.85 1347 L Hy F AR 6% 14 LK
1964 1.99 411 . T AR PALEG T 44 TRT R [ 30 |2 XAk G2 IR
1965 10k20 102 053 [ 56 1.69 535 1567 AHT 2227 £y, it LRT LR K TR 24
1966 213 1.6% | 71 131 151 572 .74 11.39 2224 & Dt T 26 178 T340
1957 526 445 1.2 LR e 87 17202 X3 ML2R 14.20 1175 XAl 120,52
1968 Y o . 37 I &b ilG 1T | 2,34 1461 11.82 13 %1 |12 33n W 34
1965 279 |12 N7 1.364 272 .52 P33 £ & T 1832 JLLN I8 will L RTE]
1970 1193 RE1 1hE 1.22 2496 60 ®cH) bk 42 1370 11.6% [ ) 371 R 23
1971 223 AT e a7 2168 506 16.0H nn 1221 K3 015 Ik b2 16
L5972 456 .01 29 135 Jnz 795 1 15 ¥ Lr (k2 Tl 83 LERE I{ 32
1#73 210 a0y |.a7 [ ¥ At 485 55 fi5 s |72 ER 535 s B
1974 4237 LR 1125 1483 L2 10.46 iz 566 O [SNL] ®n3 f.20 1M 11
1915 FiR L.11 a3s 3.7 1.33 2.6 [k 2254 R ) 19 6 12 35 42 43 52
1978 (0 JRCF 13 56 Ly 437 din [ ) 1538 440 IEN L L3 Tal LR | 16341
L 112 LAt RS Xy %51 .10 125 f (K 17 32 LY [23K L) et |
1975 24 4:im (%] 263 348 7.4 B4l R 3 [0l 11,34 [T 4 5 a0 24
1979 500 185 420 | B 144 4.8 11,83 1275 LR | I (A N TH 367 072
15980 2007 |4 34z R w60 T 1443 042 LN R 1207 170 A Ld Lid a7
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1982 auz 837 2db .50 h3i5 a7 13641 7 TR LL.8n o id A33 HISE 5
1983 131 121 A1 1.5% | 10 QB0 13 1 1), S (N Loy 17 1032 513 07
L9EA 34 410 0z 1 565 3 % ou! .58 *ilA 1741 A 1293 SRS Wil
| 985 B 10 3kt A3 562 11,95 1440 L% 2% | 5.7 1% (H) .31 - Ly 118 5]
L4 20t [ | Akl Bk T 08 1741 RIS ¥ =ikl 197 f15 1243 130047
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Table 2. Summary of the long-term {1945 1988) mean moenthly rainfzll {in inches) at the
MNaval Arr Station, Agana, Guam.

Jan  Feb Mar Apr May  Jun Jul Aug  Sep  Oct Moy . Deg
$ean 4.3 31 2.0 33 45 a6 G 134 132 12.5 "3 S

Annual Average 863
Dry-Season Avg, 24.4
Wel-Senson Avg. al%

Table 3. Summary of the monthly values of the Climate Analysis Center’s {CAC) Southem
Oscillation index.

YEAR Jan  Feb  Mar Apr Mav. Jun  Jul  Aug  Sep  Ocl Noy Dt

(R oo 0.2 05 0% 02 03 0.4 a5 07 0.1 R ()
1951 -4 05 -2t 1.1 02 04 0.1 -3 (1R4] LK X 1.4
19462 1.7 05 04 00 12 05 1.1 03 5 09 0.2 (1
L%63 (1R na 06 09 O -1.5 03 04 07 -l -1.0 -1.4
1944 {15 N2 0.6 17 -2 A 5 14 13 13 0o 0.5
IS -5 nn 0.2 -1.1 0.0 1.5 2.3 -1.3 -14 -12 -1.8 Ch)
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I%67 1.5 12 08 0.2 4 & ao LS 05 -2 -7 N7
1968 (05 08 0.5 0.3 12 14 6 -0 13 03 04 (101
1969 -1.4 118 Ah1 -[1L.% R} 0z -nT R1Y] -1t -1.4 -0.1 0.3
1970 12 132 0.0 5 ti.l .1 -6 U] 1.2 08 15 L5
191 02 1.4 20 2.4 0.9 02 .1 1.4 L5 PH a5 01
1972 3 .6 al -5 2.2 -1.7 -19 -1.1 -1.5 -1 -4 -1.5
1973 -4 -1.5 n2 (14 03 12 0.5 12 1.3 06 29 g
1974 22 1.5 21 13 13 AN 1.2 05 td 08 A (TR
1975 A0 (.3 1.1 1.5 05 L7 21 n 22 1.7 13 20
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197 -3 [} -2 -13 1.1 -2.3 -L.5 -14 05 -14 -1 13
1978 k5 2.6 LK - 1.3 04 04 01 00 038 -l 12
1979 LS 0.6 1.5 0.7 0s Gh 1.3 0.7 (PN | -lid -0 0%
1980 03 0.4 1.1 L& A3 -n7 12 1.1 -5 -N.3 5 -2
1941 0.3 05 2.0 L] 08 . 0.4 0.4 03 07 a1 k4
1932 10 LAl 0.0 -1y Bi X 25 20 27 -18 -2.2 -32 25
194% -4 -5 -3.2 201 9 L5 {19 04 09 03 -l -1k
1984 an O ALK 4 0.4 -1.2 a0 ol a1 A 13 13
L985 -5 08 0z 1.4 02 -14 1.3 07 00 08 ) 0l
1986 8 1.X 01 0l -l 1.4 0.1 0.9 -5 0.6 -1.5 -16
1957 07 -1.5 =20 -3 2.0 2.7 -1R -7 -1.1 A7 eN | -G
1988 a3 6 1 (0 b1 03 11 P4 12 13 g 1.3
1989 1.7 1.1 1.1 LG 1.2 0.5 02 08 0.6 0.4 -4 A7
1990 02 14 -2 (F] 1.1 Q0 03 N (1. ni A7 -La
1991 e -1 -1+ -1 -1.5 L5 -2 09 18 L5 LK 23
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Table 4. Summary of the monthly values of the Japancse Meteorological Ageney's Index of
the casterm equatonal Pacilic SST averaged between 4°N 10 4°8 and TSPW 1o
GUTW . Values are departures from normal in *C.

YUAR tan  Jeb Mar Apc  May Jun  Jul  Aug  Sep Gl Nev Dec

1460 (o i3 il 0z ol 1.3 (.0 k] il {1t it 05
%61l 3 Il [k iz Lo 1 -ILA -5 1.3 tu b4 R
1962 Ar [nL 114 s -+ .4 ni [ e 1k 114 17 10
1953 R 4 (¥ ni 0.3 (3 11 i} 0% 7 | [} iy
1944 s (bt 0 07 -1.2 12 (L5 1.1 Ih1} nE Bl 13
19485 A1 412 | A K FAY 11 P2 12 i 14 [
19446 .1 M it inl 07 Ieet n2 it -7 nz s MY
1987 it X1 T L5 44 ] (3 [ A | 2 A1 s g
1985 1.0 1.3 11 14 N7 i E ni nz .3 R n7
1969 e i 7 A 11 (4t i b s hs na 141
1970 1.0 ] N i3 07 k.| 20 -1.3 14 [N -1.5 [y
1971 -l.3 -1.3 -1.1 ns (s A1 .4 (L6 s fAd 07 -1}
1972 A A1 1 A nzs RN |5 21 1.5 l.5 Lt 23
1973 1.5 11 n3 L5 04 -7 -1.2 k.l 14 -1.3 T 17
1974 18 1.2 7 12 1.2 n2 A2 (i ! AT A1 Es 07
1975 L) 1h6 A 0 I -1.2 .0 a7 11 -1.5 12 )
1974 1.7 1.1 (1.5 -2 nn n- 1h (e 11 ($RY. 1.1 i
1977 (e X4 na -4 el (3 03 k4 4 0.2 iL5 04
1978 {14 1 (.0 (L A0 Ak {1 th 417 11t (4 bl ]
1974 A1.] (2 i3 .3 {14 (4 -1 n2 [N 4 i3 04
1980 ) i 1.1 al 03 (5 02 -2 1) L 0.3 14
1951 (s A) K 1.2 0 0z (5| 4.3 Lkis A1 N2 A .4
1952 {4 LK 2 ni tny A1 07 i1 L.z 23 2.5 Ai
1983 iz 2+ LE 1.7 21 22 L [RL [, -t ki -
19584 A3 "4 11 0.1 -L1-4 -kl ns an b} (3.6 A7 T
E9RS -4 14 03 iR 0.7 (5 41.3 -6 A2 07 At 04
19846 A1 2 Lxy 0z A (1 L5 02 (b 0z I.1 LA
1987 11} 1.1 1.3 1.2 14 i1 1.2 14 1.7 1.3 1.3 .2
1988 {14 X1 A NG [ N R -14 -12 RN i o ) 14
1989 -1.2 18 {12 L 0.2 02 (LN 1.3 Akl A1 3 -3 n3
1994} AL n3 [113] nd X8 04 n2 . nz2 1 0l n2
1901 2 {2 1 L) (H 12 L3 LS .4 (1} 1.2 |2
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Table 5. Sumnmary af the monthly mean streamilow (in cubic icet per sccond) at the Lgum
River gape *

YEAR _ _lan Jiet: Mar Apr May __lun Jul Aug  Sep Oct_ Nov Dhee
1977 40 % o o A 6T RAR 233
1974 111 bl a5 &5 14 A0 B3 1) A50 nz2 13 212
1979 | &4 1K 4 H A0 A2 J 3 153 255 IR e 1 ans ni
19540 |47 jd 1 A4 127 1#.0) 232 e | M 131w 632 27A 20,2
1981 44 I+11 1relt 5y T T 164 Re a0 a7l 170 Ml
1982 4.5 {445 2k ® 7 136 236 R i 15 331 1504}
1983 L1 1007 2 a8 J5 o4 1] . 158 41 237 Inh 229
| 484 11.% 11L.% UK A E R 1.1 a4 KA 54 & 1 4.2 Jau
1985 RN LN |61 3 T4 EERY 300 20K 43 Tie L Gtk R1EN i1
| b 1" |27 b5 11141 246 165 03 11357 417 150 211 in
| 9RT 127 127 61,1 aH 41 41 1.5 Lt 237 23} ird 210
195% 250 236 1 e S4b W L3 273 %2 434 2149 12.1
L4959 1.2 MA 138 IR 1 .00 [ F% 1w 1 N ) 533 G 4210 235
LT 3T (MRS Il =2 i 0 14,2 337 b a24a a1 LT
1991 ) 14.2 il [t 5 114 15.2 220 ATZ 1 ot | ThE 333

(R A2t tal 132 £ 7

3 5 0 TR 47 350 Th.1 A0
1905 148 L) 1.0 Al 1.5

Mean 17.5 17.2 44 9.0 9.8 1.4 9.8 dd.1 £ 490 434 212

= Walues alier 1959 have net been published und are considered  pros isiem data subjecl Loy
IR

Tahle 6. Summany of the monthly values of the walter level (in fect above mean sea level} in
well A-20. Qrdor Guam.

1978 41 Hod J5H d1h 39z 362 J4 1 Jrs Jts RITAS 325 3z
197% 422 46,2 o 420 IRY 4100 4100 M5 Atk 1 404 417 462
1980 NN 513 M sy 440 OG0 K2 a7 isd 35T 422 467
1951 441 17 NI A +H 3 415 IRE 6% 338 AnT RN 421
1982 452 0z 473 H4 H1.1b ki 3601 RE A 3T 332 a3 54
1943 ATh 3y a2 A8+ N1 Ao EER J32 izse REAS 3’2 1.6
1 944 437 B H3 o AR 41.% JHEH A2 0.7 e 421 116 Qi 8
L 945 Al AL 4801 d452 + K Hed KA. JHe JH2 2 454 AL
L5586 Slh Alf 470 A0 43 4 M 2 Il 48 4 ich JaH
LONT BINE 414 429 42z +1fa g A 3449 EER O a7 373
L9858 W3 4540 412 34 35H A1A 30 Ny J53 354 34l 43.1
9%y 457 7.7 08 T 7 4.7 Fa 0 3TH Jnd 374 4y 480}
1994 1T i A3 A2 474 H.b 1.3 MK ELR A7 435 473
1921 M3 o] IR Sy 403 +r.3 SEAL 3 R+ kLAl aRAl Uiz RLTA
14992 Sl Al .k

Mean 4.0 473 46.5 444 1.8 399 ¥.7 Mi.5 350 M4 9.4 434




Table 7. Annual, wel- and dry-season sunlzll (ininches) a the Weather Sovice
Meleorological Observatory (WMO 21217y a Taguae, Guam.
Hahicrred numbers in parentheses tndicale the rank: (1) = highest, (35) = lowest
value dunng 1957- 14941 The years 1992 and 1993 arc included bul are not ranked.
Mean values and slandard deviations are 1o the ponod [957-1941,

YEAR ANMNLAL DRY SEASON WET SEASON
1957 G 6 (20 3TN {26) T3 (10
1958 T 2N 2eE LT Gl K (2
1954 T {30 14,19 {30 b W8 (20
19610 b I R B ety 1978 {27 61 (28
1961 0T {17) R0 {15) td b (200
1962 12816 (3) 363813 92N
1963 135,18 {2 M4 (2 I
1964 e (1) 0 200 (5 I8 (23
19465 TEMIN 1< 4 § 2 AHR (N
966 TR {30 13007 (31) AN
19467 12652 (4] 42 AR () 3 (5
BT Wi 34 (1) 2000 (129 a7 H 11
L% BAN3 (2T 14 ) TaAR 0
1970 B8.23 (25) 3T a9 (2 b 24 {30
Le71 1240 4604y 4145 (K} 27T
1972 LA 32010 IaNTIM TIAA(LN
1923 B 87 {35} 1637 L AL {35
1974 126,11 {7) Sadin AT 1)
1918 O3 A2 el Y T 13
1978 16591 {1} DEHG (1) TIH
1977 K731 (26 25AHE2L G143 {27
1978 1A A ATAN G 21
L¥79 9,72 (23 192,30 () 142 118N
1980 11037{1N F0.T6 (0 AL {1
1981 111 .66 (10 127710 77 RO (A
1982 I B5(15) 026 {16 TAAD I
1983 &7.06 (3 0.5 {38) ATA7 130
1984 oG (H (18) RIS T 20 (W}
| 985 11851 (% 1056 (4 R GA (1)
198& 130002 (3 A5 40
1987 64T (32) 1453 {32 1] Gl (26)
1988 B 2E) 2T (22 SN AN
1959 10530 {14 MTTIN LGN
1990 1230785 (%) ATz Kaoh(h
1991 103 85 (16 2923 (18) LT
1942 1.4 264 #1 30
1993 na 13.2% fna

Mean Il B Il 63 T2l
Steh. D, 212 1616 PR




Table 8. Summary of the long-lerm (1957-1991) mean monthly rinlall {1n inches), median
monthly rainfall {in inches), and the dilference between the mediun and mean
monthly rainfall a1 the Taguac WEMO.

Jan  Feh Mar Apr  May Jup  Jul . Aug  Sep okt Novy Dgg

Mean LAY 417 40 4.5 b o ) i3 15.2 4.6 133 00 0

Median 4.7 a7 2.7 Al 1t 6.3 .7 139 144 122 36 aH

Drilference:; 1.2 1.0 13 16 25 nl 14 1.3 (2 1.1 {0 0.3

Table 9. Crosg-comelanon (n) and Spearman’s rank cross—correlation coetlivients (rg)
between selected pairs of varubles. Vartuble descriptions are listed in section on
Guam rainfall and ESNO indices.

Signifcance of 1y
—Yar | Yar. 2 [ Ls 0L W% W YEArs
<Rain> SO 22 29 Y 1) kY 157 1763
“Raln- DyssT 57 S Y Y Y 1957199
<Raln> D,85T 53 44 Y b b 1957- 1%
<Rain> D350l -37 -45 Y ) Y 1957- 1991
“Rain> DySST 1) A4 Y b1 Y 19571941
“Rain> <TC- 180 42 42 ¥ k] N 19571992

Rain Dry Rain Wet” o s N N N 1957. 1991

Rain Dry S0 Dry A2 5 ¥ Y ¥ 1257- 19

Rain Dry DySST M ) Y Y by 149957- 19491

Raln Dry DysOl -5 -3 Y b ¥ 1957 1991

Raln Dry D3SST 43 36 ¥ Y N 1957-1991

Rain Dry Dy501 221 41 Y Y M 19571901

Rain Dry D4SST -34 30 ¥ Y M 1957 19K

Rain Wet Raln Dry a7 40 Y Y Y 19571991

Rain Yeli O] Wet 22 210 Y N N 1957 171

Rain Wet Ds5T S0 AR Y Y Y 1957 1%

*Wet season in this line refers 6 the wel season of ithe year prict i the dry season,




