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A tide gauge located in Sumay Cove, Guam has been recording sea level continually since 1948.  A complete time series (with some missing data) of Guam’s sea level from this site is available on the web site of the University of Hawaii Sea Level Center.  In this presentation, I have used the daily CSV time series of sea level.  In my first figure below, I show a plot of the sea level in moving 30-day blocks.  This is not quite monthly (5 days short of a year after 12 blocks), and thus the values on my plot may differ slightly from a plot of the sea level binned by calendar months.
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Lander Figure 1.  Guam Sea Level (millimeters above mean lower low water).  The plotted blue dots show Guam’s sea level as the mean values of moving 30-day blocks.  The thick red and green lines are 12-block moving averages.  The two dotted black lines are the linear trends during the years 1948 through mid-1998 and mid-1998 through 2019, respectively.
In Figure 1, I divided the complete time series of sea level into two periods: (1) 1948 to mid-1998; and (2) mid-1998 to 2019.  This somewhat arbitrary division was based on an obvious step-function jump of sea level after the epic 1997 El Niño event.  After separating the time series of sea level into these two periods, a startling characteristic is revealed: the sea level actually falls throughout each of these two periods!  The slight negative trend of western North Pacific sea level—it was not just at Guam—was noted as an inexplicable curiosity in the run-up to the formal release of the Kyoto Protocols in December 1997.  In my Figures 2 and 3 (next page), it becomes clear that the step-function jump in sea level during 1998 is the result of an abrupt, substantial and sustained increase of the Pacific trade wind system.  The following snip from a paper that I co-authored with Mark Merrifield and Phillip Thompson (Merrifield et al., 2012)1 provides a reasonable interpretation:
“In terms of the impacts of regional sea level rise in the WTP [Western Tropical Pacific], we note that low frequency trade wind changes contribute to order 1 cm variations in sea level in the WTP on decadal to multidecadal time scales. While multidecadal variations are weak, for example compared to WTP sea level variations associated with interannual ENSO events that are an order of magnitude larger [e.g., Becker et al., 2012], they do influence regional sea level trend estimates.  Multidecadal variations can lead to linear trend changes over 20 year time scales that are as large as the global sea level rise rate, and even higher at 
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individual tide gauges (e.g., Guam [Merrifield, 2011]). Linear trend maps such as Figure 1 can give the impression that sea level rise is a particular concern for the WTP relative to other ocean regions.  On the contrary, the map symbolizes sea level changes of centimeter scale that rise and fall with low frequency trade wind fluctuations.” 
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Lander Figure 2.  12-block moving average of Guam sea level as in Figure 1, but with NOAA’s trade wind index (135°E - 180°) added (light blue dots), and for 1975 through 2019.  It is obvious that the trade winds are strongly related to the sea level.   
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Lander Figure 3.  Running sums of the anomalies of Guam sea level and of NOAA’s trade wind index for 135ºE to 180⁰.  Values plotted have been arbitrarily scaled for effective juxtaposition.  Note the abrupt change of behavior of both the sea level and the trade winds after 1998. 
On page 10 of the draft PIRCA report, the following discussion of sea level is found:

“Sea level rise will continue to accelerate in Guam. For tropical Pacific Islands, sea level rise is expected to be 20-30% higher than the global average. Global Mean Sea Level is projected to rise 0.3-0.6 ft (9-18 cm) by 2030.  For 2050, the projected range of Global Mean Sea Level rise is 0.5-1.2 ft (15-38 cm), and by 2100 the projected range is 1.0-4.3 ft (30-130 cm) (USGCRP 2017). Emerging climate science suggests that Global Mean Sea Level rise of more than 8 feet by 2100 is possible, though the probability of this extreme outcome cannot be assessed (USGCRP 2017). The number of coastal floods each year will continue to increase, as will the frequency and extent of extreme flooding associated with tropical cyclones and storms.”

The very first sentence does not accurately describe the historical record of sea level at Guam.  There has been no acceleration to-date.  The entire rise took place in 1998.  It is a step function simultaneous with a similar step function in trade wind forcing.  Thus, the second sentence is called into question: by what mechanism is the sea level rise expected to be 20-30% higher than the global average?  It already is well ahead of the global average by virtue of the 1998 step function, but unless the trade winds continue at higher than average levels, the anomalously high sea level in the western North Pacific could well remain static or even fall (as they actually have since 1998), until the much slower global component has time to catch up and be commensurate with, or surpass the trade wind component.
I have no expertise in the modeling of future sea level rise, and therefore cannot add any specific comment on the projected rise anticipated for Guam.  The 8 foot scenario seems a bit extreme, and comes off as being a scare tactic.  

The last sentence concerning flooding, typhoons and storms could use some work.  The term “coastal floods” as used in the draft PIRCA report and its meaning as might be understood by the public are perhaps very different things.  Guam is a high island with much of its coastline a sea cliff (See my Figure 4 next page).  Higher than average tides are not perceived to be the cause of “flooding” as it might be commonly understood.  Coastal “floods” would likely be identified only with coastal inundation caused by high waves, and only during times of passing typhoons.   Extreme inundation by high waves occurs exclusively (and under certain unusual conditions) during the close passage of some typhoons.  The level of inundation by large typhoon waves has been extraordinarily large.  Perhaps the highest inundation in the past 75 years occurred during the close passage of Super Typhoon Yuri in November of 1991.  The extreme waves in this typhoon (shoreline breaks exceeding 10 meters), caused severe coastal damage that has not since been repeated, even during conditions of much higher local winds in typhoons that made a direct hit (e.g., Pongsona, December 2002).  During Yuri, the road along the southeast coast of Guam was washed out; the village of Inarajan was completely flooded; and the northeast coast was stripped clean of vegetation to the 40-foot elevation level.  The edge of the coastal forest in my Figure 4 is the marker of Yuri’s 40-foot inundation level, seaward of which the green ground cover (that now exists to the 20-foot level) was completely stripped away.  The extreme inundation of Yuri has not occurred since, and the vegetation has been growing back over the subsequent 29 years!  The forest line at Anao (and all along the NE coast) likely represents at least the 100-year event.  Apart from these extraordinary events, the typical annual high marks of water from lesser storms and the highest high tides of the year are mere nuisances (disregarding the danger of drowning in ordinary hazardous surf, which is a cause of several deaths per year).
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The last sentence of my clip of the PIRCA draft report sea level section—“The number of coastal floods each year will continue to increase, as will the frequency and extent of extreme flooding associated with tropical cyclones and storms.”—needs to be tailored for the local audience.  It is likely that Guam residents would assume that the term “coastal floods” (in the PIRCA draft this includes even the mostly nuisance-level inundations of king tides and the like) would be one-and-the-same as the more extreme damaging inundations from typhoons.  The final part of that sentence concerning the frequency and extent of extreme flooding associated with tropical cyclones and storms needs some further exploration.  Apart from tropical cyclones, Guam does not have any other weather events that residents would call a “storm”.  Convective scale afternoon island thunderstorms and other non-TC convective events, while perhaps identified as a type of minor “storm”, do not, in any case, have winds that generate large waves and coastal inundation.  Also, the extreme magnitudes of typhoon flooding (ocean inundation) occur only under very special circumstances during which the flooding is far larger than flooding in most typhoons that are lacking in these special circumstances, even if they are very intense!  That is: high intensity alone is not a sufficient attribute of a typhoon to cause an extreme inundation event.  What is needed is a coupling of relatively high intensity (100 kt or greater) with three other special conditions: (1) a high speed of forward motion; (2) a broad “shoulder” (i.e., the region out to 300 km beyond the radius of maximum wind) of typhoon force winds; and (3) a close passage nearby (50-100 miles offshore), but not over, Guam.  Yuri was not only very intense (150 kt) while passing 100 miles to the south of Guam, but it possessed all these conditions, and in so doing, set the bar for high waves and coastal inundation.  Typhoon Pongsona, while making a direct hit on Guam with 125 kt sustained winds caused only minor coastal inundation.  Even on the northeast coast where the 125 kt winds of Pongsona were directly onshore for a time, the inundation level was not much beyond the typical annual high mark (the 20-foot level in Figure 4—I know this, because I hiked along the northeast coast shortly after Pongsona), and it fell far short of Yuri’s benchmark.  It is hard to see how sea-level rise could during this century significantly alter the statistics of the extremes of coastal inundation—nuisance flooding, yes, but extremes, no.
I now outline a method to extract the background global sea level rise from the trade-wind induced recent highstands at Guam and throughout Micronesia.  While the tropical western Pacific has been often cited as leading the globe in sea level rise (e.g., my Merrifield et al., 2012 reference), the cause of this excessive rise (as that paper reveals) is an enhancement of the Pacific trade wind system (my Figure 5 below is another look at the regional sea level versus the trade winds).  

Lander Figure 5.  Another look at Guam regional sea level versus the trade-wind forcing.  Plotted values of sea level (and the trade-wind index) are the anomalies of 90-day moving averages (3-month moving average).  Takeaways are the strong coherence of sea level across Micronesia, and the strong relationship of sea level with the trade-wind forcing.
The strong relationship of the sea level at Guam (my Figure 6, below) with the trade-wind forcing suggests a possible method to tease out the global signal: use the correlation to remove the trade-wind forcing from the sea level signal and examine the properties of the residual (my Figure 7).
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            Lander Figure 6.  Sea level at Guam versus the value of NOAA’s Trade Wind Index (135°E to 180°).


Lander Figure 7.  A plot of the observed Guam sea level (yellow dots) versus the sea level at Guam predicted from the trade wind forcing (dark blue dots).  The correlation coefficient used in the prediction equation is that for the period 1979 to 1999.   The black line potted in the bottom of the chart is the residual between the predicted value of Guam’s sea level and the observed value.  The residual has a linear trend of -1.7 cm per decade (i.e., over time, the predicted value falls increasingly below the observed value).

My correlation analysis shows that a prediction of Guam’s sea level made from the values of the trade wind index fails to keep up with Guam’s observed sea level.  This would be expected if the observed sea level is undergoing a background trend.  That is, over time, the observed sea level is outpacing what one might expect from the trade wind forcing.  Another way to look at this is that the anticipated sea level for a given trade wind value during, say, the 1980s, is an increasingly large underestimate of the sea level as time goes on.  The shortfall has a trend of -1.7 cm per decade.  This is certainly in line with the 2.3 cm per decade global rise of sea level calculated for recent decades.  In the PIRCA draft report (on page 9) we find:


“Average sea level in Guam is increasing. Guam’s tide gauge for measuring sea level trends has measured sea rise at an average rate of 0.18 inches per year since 1993. (An earthquake in 1993 caused a break in the tide gauge record.) Adjusting for vertical land motion, the sea level rise rate calculated for Guam from 1993 to 2016 is 0.13 inches per year, virtually the same as the average global rate during the same period (Marra and Kruk 2017).”
My background rise computed from the shortfall of sea level predicted from trade winds gives a  rate of rise that is less than what is stated here: that is, apart from trade wind forcing, there is a background rise of +0.07 inches per year, versus the PIRCA draft reported adjusted rate of + 0.13 inches per year.  Also, I do not find any evidence of any impact to the signal from the 1993 earthquake. The 1993 earthquake in the PIRCA report is assumed to have changed the datum so as to increase the observed sea level after 1993 and thereby influence the observed trend by 0.05 inches per year.  If this were true, the background trend of sea level that I computed from trade wind forcing would have an even smaller portion attributable to global warming!   

But whether the background rate is +0.07 inches per year or +0.13 inches per year, there soon needs to be a very sharp acceleration of the rise to get anywhere near the projected total sea level increase by the most aggressive projections for the year 2100 (my Figure 8).


Lander Figure 8.  A look at sea level rise scenarios to the year 2100.  The red projected trend is an extrapolation (without acceleration) of that which is given in the draft PIRCA report (+.13 inches per year).  The black projection is an extrapolation (without acceleration) of my trend of +0.07 inches per year. The green projected trend is the standard story of +1 meter by the year 2100.  The purple projection is that which is needed to arrive in the year 2100 at a sea level that is 8 feet higher than the present sea level.
Merrifield et al., Figure 1. Sea surface height trends from 1993–2010 from the AVISO multimission gridded product. Tide gauge stations used in this analysis are indicated.





Figure 4.  A view to the northeast along the remote northeast coast of Guam.  The top picture is of a group of hikers picking their way carefully along the rough limestone bench.  The yellow dotted line shows the currently bare ground demarking about the 20-foot inundation level that is inundated roughly annually during the highest wave event of a typical year.  The forest begins at the dotted blue line, and this line is reached only during the largest wave events.  The last time the entire bench was over-washed to the 40-foot level by surging white water was during the extreme waves caused by Super Typhoon Yuri (November 1991).  The waves of Yuri scoured the entire bench of the scrubby green ground cover that has now re-grown seaward to the 20-foot inundation level.  Yellow triangle in the inset to the left is the field of view.





1 Merrifield, M.A., P.R. Thompson and M.A. Lander, 2012: Multidecadal sea level anomalies and trends in the western tropical Pacific. GEOPHYSICAL RESEARCH LETTERS, VOL. 39, L13602, doi:10.1029/2012GL052032, 2012











