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The WHOI-Hawaii Ocean Time-series:
Highly-Resolved Upper Ocean Trends, Variability, and Forcing
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CONCLUSIONS

- Upper ocean stratification has weakened significantly over the recent decade, and over the entire
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UH designed to quantify air-sea fluxes of heat, moisture T 0 x' - X[ cline.
and momentum, and their impacts on the upper ocean S oaf 1l 1 B e " The salinity increase is consistent with the trend in net freshwater flux; the mixed layer temperature
as part of the Hawaii Ocean Time-series (HOT), with sup- 2 o 5 H(?Tgtzfncdl Ty decrease is also consistent with the decreasing trend in net heat flux
ort by NOAA and NSF. The work described here focuses "0z e 4 L7 and 35% C.l. o . . . .
b Y e~ 7 SRl « Trend magnitudes in HOT ML 6, S and o, stabilized only after about 20 years; HOT trends during the
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- Trend estimates are sensitive to the length of the series and the starting point. The decadal cycle is
important in estimating the trends

Figure 1. Time-varying linear trends (heavy lines) of potential temperature (6), potential density (o,), and salinity in the mixed layer
(30 m) at Station ALOHA with 95% confidence intervals (Cl, light lines). The first trend value in the plot includes data from the first ten
years of HOT; consecutive values are after adding one cruise at a time. Symbols and error bars show the trend estimates and 95% Cl
during the WHOTS mooring record near 30 m; solid are from HOT data, and dashed are from mooring data; circles are from a MLR-F
regression, crosses are without decadal cycle, and squares are without interannual cycle in the regression. See Methods below.

Long time-resolved records are required to detect statistically significant climate trends

The WHOTS mooring system consists of a surface buoy with a full suite of meteorological instruments,
and subsurface instrumentation to resolve the temporal variations of shear and stratification in the upper
pycnocline. The data analyzed here are from 9 consecutive annual deployments from August 2004 to July
2013 (see Santiago-Mandujano et al. (2007) for a complete description). High-quality air-sea fluxes of heat
and freshwater were computed from data collected by the meteorological instruments every minute, and
hourly data were used in the MLR analysis for each of the fluxes of net heat, latent heat, fresh water, evapo-
~ ] ration and precipitation.
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The WHOTS-10 mooring (picture, above right) is currently deployed carrying a full air-sea interaction
package (ASIMET; Colbo and Weller, 2009), a pCO, system (NOAA/PMEL), 17 MicroCat CTDs from the surface
buoy to 155 m, two Vector Measuring Current Meters, two upward-looking Acoustic Doppler Current Profil-
ers, and two Seacats near the anchor (~4800 m). WHOTS conductivity calibrations are made using CTD yo-yo
profiles near the mooring during HOT cruises and during WHOTS maintenance cruises.

Profiles of temperature and salinity have been collected at Station ALOHA with a Sea-Bird 9/11+ CTD
system during near-monthly HOT cruises since 1988 (Karl and Lukas, 1996). The ~16 profiles of potential
density (0,), potential temperature (0), and salinity conducted over 3 days for each cruise were averaged
and fit with the MLR.

Hourly-averaged temperature, salinity, potential density and velocity records from the WHOTS mooring
are shown below. The annual cycles in temperature and density are pronounced, while the salinity record
is much less regular. A decrease in upper ocean temperature over time is apparent, and increases in salinity

and density are visible,

Key aspects of estimating upper ocean climate changes are revealed by observations at Station ALOHA
(Figure 1). Conditions near the start of the record, as well as the length are critical in trend estimates. The
linear trends (see Methods, below) of 6, S, and g, calculated in the mixed layer from the first decade of HOT
observations have wide confidence intervals, and are seen to vary considerably as more data is collected.
Confidence intervals narrow with time, and the trends in all three variables become smaller. The increasing
density in the mixed layer is confirmed over time, but what started out as significant at 95% becomes mar-
ginally significant. The HOT and WHOTS trends computed for the WHOTS period are consistent with each
other, and the Cl for the HOT trends are larger due to fewer observations. Clearly, the absolute values of the
HOT and WHOTS trends in temperature and density are much greater than for the complete HOT record, il-
lustrating the sensitivity of trends computed from shorter records to their starting points. We note that the
temperature trend for the HOT record is almost never significantly different from zero, and that it is nega-
tive most of the time. Both the HOT and WHOTS mixed layer temperature trends from the WHOTS period are
negative, leading to increased density. The density increase is augmented by the increasing trend in salinity,
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entire upper ocean. The mixed layer 6 and density 4or
0, trends remain significant. 60
Because the 9-year record length is shorter
than the decadal cycle, there are some mean dif- 100}
ferences between the full MLR model and MLR-D.
These are negligible except for mixed layer salin-
ity, and those are small relative to the mean verti-
cal variation. The MLR model is a good fit to the

2005 2006 2007 2008 2009 2010 2011 2012 2013 The surface freshwater flux trend is -1.0 m/decade, almost doubling the annual average loss after only
one decade. This is solely due to the decreasing trend of rainfall; the trend in evaporation partially offsets
it (Table 1). For the ~50 m average depth of the mixed layer, this results in 0.7 g Kg'/decade salinity trend.
The trend estimated from the subsurface instruments (Figure 5) is 0.25 g Kg'/decade.

The loss of buoyancy from the mixed layer, and the increase below (warming and freshening), reduces
the stratification and thus leads to deepening of the mixed layer. The mixed layer at ALOHA is deepening,

| | byabout4 m/decade (not shown
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Depth (m)

Integral time scales were calculated for the resid- 0
uals from MLR model fits to each variable and depth
as described in Methods (poster center section).
These are shown on the right, and they fall within the 40
range of 20-60 days, indicative of eddy timescales.
The largest values are for temperature in the mixed
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€ kg m (kg m per decade) here.) Because the ALOHA mixed Table 1. Statistics of air-sea fluxes from MLR analysis of WHOTS observations
' - 80 LT AN 1T temperature and density variations in the mixed : . -
Ia.yer and th? smallest val.ues are in the upper therm.o e | b 80-90% of th Y ained). and Figure 5. Mean (left), trend (middle) and correlation-squared layer is underlain by the salinity Full MLR MLR - Decadal
cline where internal gravity waves are most energetic. 1004 N ayer (80- 0.0 the Va”ance. explained), an (right) as a function of depth from multiple linear regression maximum, this deepening enhanc- MLR Mean Trend c: e Trend c:
The residuals using the sub-model without the dec- much less so in the thermocline. The full model model fits to hourly potential temperature (6, top panel), salin- es the turbulent salt flux upward (per decade) (95%) (per decade) (95%)
adal cycle have longer integral time scales for salinity 200 10 200 e}:(plainﬁ abOL;]t 50% of the variahnce of Salinhity idtzt(;;iriﬂiﬁ:r&\?gb%%t?g?:iSSn;;fc)\//v(gg}wb::;our?tg%%i”éra:g(july through the base of the mixed layer. E::e:f:te?tu;f.v:mv:;)mz éjg 18.0| +29.7|-133.8 111 +142
and density in the upper thermocline. throughout the upper ocean. The MLR-D shows . . 'Latent Heat Flux (W/m*) EiE3 0] +29.7]-133. A £14.
¢ PP : - - IR IR I A A hg to R? fppe d . in the mixed | 2013.The red dots (MLR-F) are for the full model; the blue dots Low frequency circulation and/ 9f Evaporation Rate (m/yr) [ER:E 024 +0.40| -1.79 015! +0.19
The decadal cycle amplitude is smallest in the | no change to pr .an 0, in the mlxe ayer, re from a sub-model (MLR-D) that does not include the dec- eddy freshwater fluxes are required [ A ALY 063 o5 2067 0 053] s 03
mixed layer for temperature and density, increasing 160 0 20 40 0 and some reduction in the thermocline. adal cycle. The dashed lines are the 95% confidence intervals. to reconcile the observed trends. Fresh Water Flux (m/yr) BEERE 1.00] +0.69| -1.18 .0.39| +0.33
with depth in the upper thermocline. Decadal salin- (day) (day)

ity variation is comparable across the mixed layer and Figure 3. Integral time scales for 6 (left), salinity
upper thermocline. The phase structure for all three (center), and o, (right), from the WHOTS mooring

METHODS

variables shows variations in the upper thermocline data multiple linear regression models (MLR-F:red A question which is asked sometimes is, “"How i, -, s N*
leading the mixed layer el L DU L) H7ehT AL 5 many years more of data do you need?” That depends o) ON e SN 6
. . An empirical multiple linear regression (MLR) model was fit to observations from HOT cruises and from on the particular goal. N* is the number of additional
e e O o o o @ . . . . . 4 : .
= - - the WHOTS mooring. The full model (MLR-Full) includes terms for the mean (a ), trend (a,), decadal (10 years of record that is required to achieve 95% con- e
() . . . . :
201 20} : %n {1 Z Sen : | z Sophy years), interannual (4 and 2 years), and annual harmonics (1, 1/2 and 1/3-years). Because the WHOTS moor- fidence in the value of the trend, assuming that the 6of ° o
‘e o o o o e ing record is shorter, we use only the first two harmonics of the annual cycle, and one interannual period (4 actual trend is stable and has the same value as esti- £ °
4 e 1L 40 0 O o O ° £ 80 : y
e © o . 0 ° years). mated here. (See Figure 1 regarding this assumption!) ‘;} ‘ I
60 60f -1 it 2l e S PR < , Because the temperature and density trend values be- 00} o o
c < t)=a +at+z a; cos w;t + b; sin w;t S . . .
3 £ Y N Y . . Yy =ao+ a . 2( : A it Where tis time, and w, A ,and @ are the harmonics tween 60 and 100 m are small relative to the residual o0 11l oo
£ 80_ £ 80_ o i T 1= . . . L 1208 ® & .. ... ee . ...
2 a ° o 0 o 0 o frequency, amplitude and phase respectively. variance, more than 15 years of additional measure-
® 100l ol B I S P R ¥ et 2432 -1 ments would be required to achieve statistical signifi- 1407 e 20
X q4] e o o X A= Jai*+b°, @ =tan""(b;/a;) ) -
S . . . cance. With 3 more years of record, the 0 trend at 105 . . e ®
]20 ....................... ]2 Lo . cooioo g . O ©) . . . . . . .
° Sub-models are also used that eliminate decadal (MLR-D) or interannual cycles (MLR-I) to determine the m would become significant at 95%, and the S trend at o S5 10 >50 5 10 >150 5 10 >15
. ) . . . (yn (yn (yn
140 -~ ] 140! * ] . 9. 0 ' impact of excluding each on the other model coefficients. 95% confidence intervals in the trend are com- 55 m would also.
. i . . . puted assuming a normal distribution. The degrees of freedom (DoF ) are empirically determined for each It is important to note that improved estimates Figure 6. Number of additional years of record re-
160 : ' o+ s Pl s T . . . . . . . quired to achieve 95% confidence in the value of the
. 0 0 0.1 0.2 ~360-180 0 180 360 -180 O 180 360 -180 O 180 360 record by calculating the integral time scale (1) following Davis (1976). of the magnitudes and vertical structures of decadal - .
o (psu) (kg m™) . ) T trend for 6 (left), salinity (center), and 00 (right), from
Where C is th lation f : laq i of and interannual thermohaline variability in the upper the WHOTS mooring data multiple linear regression
Figure 4. Amplitude (left panel), and phase (right panel) of the decadal cycle for © (left), salinity _ oV (02, DoF = N A ere L 15 the autocorre atl.on unCt!On a.t aglo ocean at ALOHA would require much longer exten- models (MLR-F:red and MLR-D:blue) from Figure 5.
(center), and g, (right) for the WHOTS mooring data from the MLR-F model from Figure 5. T=2), i=0( i“At), oF = N At/t the residuals of the MLR, At is the series time interval, sion of the measurements
and N is the number of data in the series.
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