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CONCLUSIONS

ABSTRACT
In earlier work, Yang et al., 2010, Huang et al., 2008, and Oke et al., 2009 and
Balmaseda and Anderson, 2009 showed the importance of assimilating subsurface
salinity for the Pacific, Indian and the global tropics, respectively. Unfortunately,
few studies have addressed the impact of sea surface salinity (SSS) for coupled
ENSO predictions. However, an exception is the study of Ballabrera et al., 2002 who
showed that SSS observations, independent of SST and SL, have significant
positive impact on 6-12 month lead ENSO forecasts in the context of statistical
prediction. Following this earlier work, Hackert et al., 2011 showed that assimilation
of in situ SSS into initial conditions improves the validation of coupled forecasts for
the tropical Pacific. In this current study, we expand to include Aquarius SSS
products to assess their impact on coupled ENSO forecasts for the Indo-Pacific.

Observation Statistics

•

Assimilation of SSS improves coupled forecasts by adding an equatorial
upwelling signal that propagates to the NINO3 region and reduces the positive
SST anomaly-biased forecasts for this particular period.

•

Coupled experiments initialized from assimilation of satellite SSS outperform in
situ SSS assimilation, with satellite correlation significantly higher than in situ
(from 8-12 months) and especially lower RMSD from (5-12 months) when
validated against observed NINO3 SST anomalies.

•

Relatively saline satellite SSS in the east and fresh in the west leads to an
increased east to west SST gradient which in turn leads to enhanced Bjerknes
coupling across the Pacific and to more intense NINO3 upwelling SST.

•

Degraded ENSO forecast skill when subsampling Aquarius at in situ locations
indicates that the improved spatial resolution afforded by satellite SSS is, in
part, responsible for Aquarius outperforming in situ forecasts.

•

Although only two years of satellite SSS observations are available, this work
foreshadows the potential improvement in coupled forecasts due to
assimilation of Aquarius satellite SSS.

Impact of SSS Observations

Aquarius Versus In Situ Assimilation

d)

SSS Observations – These panels show the mean residual SSS over
August 2011 to July 2013 for a) our OI of in situ salinity, b) Version 2
Aquarius Level 3 SSS, c) Aquarius minus in situ SSS, and d) OI of
Aquarius subsampled at in situ locations. Residuals are formulated by
removing the WOA09 (Antonov et al, 2009) climatology. Note the overall
basin-scale correspondence between satellite and in situ values.
Regionally, the satellite product differs with the in situ product (panel c)
with high SSS in the eastern equatorial Pacific and lower values in the
SPCZ region and western Pacific.

Coupled Model Forecast Experiments
Experiment Name

Period

Assimilation Variables

ASSIM_Tz

Jan 1993 - Jun 2013

Tz

ASSIM_Tz_SSSISMON*

Jan 1993- Jun 2013

SSS from OI of all available near surface salinity
with depth ≤ 10 m and Tz, monthly

ASSIM_Tz_SSSIS

ASSIM_Tz_SSSAQ
ASSIM_Tz_SSSAQ@IS

Aug 2011 – Jun 2013

SSS from OI of all available near surface salinity
with depth ≤ 10 m and Tz, weekly

Aug 2011 – Jun 2013

SSS from Aquarius Version 2.0 Level3 data and Tz,
weekly

Aug 2011- Jun 2013

Coupled model SSS results – Coupled model experiments run for 12
months for each month August 2011 until June 2013 and validated against
observed NINO3 SST anomalies. Experiments with SSS assimilation,
ASSIM_Tz_SSSIS (blue dash) and ASSIM_Tz_SSSAQ (red dot) generally
outperform the baseline experiment (ASSIM_Tz - black) for a) correlation
and b) RMS. Red and blue light dashed lines correspond to the Fisher-Z
statistic significance for the differences of SSS assimilation minus
baseline. Note also that Aquarius SSS assimilation significantly
outperforms in situ as is indicated by Fisher-Z statistic for
ASSIM_Tz_SSSAQ minus ASSIM_Tz_SSSIS (light black dash line).

Model Results - Initialization

Model Initialization Forecast Differences – Differences between
ASSIM_Tz_SSSAQ minus ASSIM_Tz_SSSIS highlights the relative impact
of Aquarius versus in situ SSS assimilation at initialization. Relatively high
(low) salinity/density (a, b) in the east (west) leads to upwelling
(downwelling) in the east (west) which leads to strong east-to-west
temperature gradient c) and enhanced Bjerknes coupling for Aquarius.

Mean Forecast Evolution

SSS from OI of Aquarius along-track data
subsampled at in situ locations and times and Tz,
weekly

Summary of the 12 month coupled model experiments used in this
study - Tz stands for subsurface temperature and serves as the baseline.
The asterisk indicates that the ASSIM_Tz_SSSISMON experiment is used to
initialize all other SSS assimilation experiments starting in Aug. 2011.
(See below for model details.)

Coupled Model Validation

Validation of spin-up experiments - Our coupled models are validated
for January 1993 to March 2011 versus observed NINO3 SST using a)
correlation and b) RMS differences. Note that the experiment that
assimilates SSS, ASSIM_Tz_SSSISMON (blue dash) slightly outperforms
ASSIM_Tz (black solid) and these results have similar quality as NOAA’s
CFSRR (red dotted). All experiments exceed the 99.5% significance (thin
black dashed line) assuming seasonal decorrelation scales.

Model Mean IC Differences - Plots for a) SSS, b) mixed layer density, c)
SST, and d) SL for mean differences between ASSIM_Tz_SSSAQ minus
ASSIM_Tz for the initialization of the coupled experiments. Enhanced
upwelling in the central Pacific brought about by SSS assimilation and
density increases near the dateline lead to a low SST and low sea level
Rossby wave. This Rossby wave travels to the west, reflects as an
upwelling Kelvin wave then propagates to the east reducing the tendency
for coupled models to predict too-warm NINO3 SST for this period. (Note
that the above patterns are generally similar for ASSIM_Tz_SSSIS minus
ASSIM_Tz and differences are presented in far right column)

Mean Forecast Statistics

Indo-Pacific Model and Data Processing

Equatorial Mean Forecast Evolution – Longitude versus lead time
evolution of the differences for (top) SST and (bottom) Zonal wind stress
for ASSIM_Tz_SSSIS – ASSIM_Tz (left) and ASSIM_Tz_SSSAQ –
ASSIM_Tz (right). Westerlies/downwelling for the ASSIM_Tz_SSSIS in
eastern half of the basin offset upwelling signal to the west. For
ASSIM_Tz_SSSAQ, the easterlies/upwelling grow unencumbered. The
relative enhanced cooling impact of Aquarius assimilation offsets the
warming tendency of coupled models for this period leading to improved
forecast statistics.

Impact of In Situ Sampling

• Ocean Model - Reduced-gravity, primitive equation, sigma coordinate model [Gent and Cane, 1989].

Hybrid variable depth
mixed layer [Chen et al., 1994] (wind stirring, shear instability, conv. overturning). Advective AML coupled to OGCM [Seager et
al., 1995]. SSS, SST natural boundary condition [Huang, 1993]. Realistic coastlines for tropical Indo-Pacific (33oE-284oE,
30oN-30oS), 20 layers with 1/3o equatorial stretched grid. Forcing: ECMWF analysis wind stress, GPCP/TRMM rainfall, NCEP
reanalysis cloud anomalies added to ISCCP seasonal cycle, ERBE solar radiation.
• Data Assimilation - Ensemble Reduced Order Kalman Filter (EROKF) uses MEOF of long model run (1985-2004) to formulate
basis, impacts entire state vector (SL, H, T, S, U, V) including all layers.
• Indo-Pacific Hybrid Coupled Model – statistical atmospheric model (SAM) SVD between ECHAM 4.5 Ensemble and observed
SSTA, 1950-1999. Separate SAM for each month.
• NINO3 SST Anomaly - NOAA_OI_SST_V2 data [Reynolds et al., 2002] provided by the NOAA/OAR/ESRL PSD, Boulder,
Colorado, USA, from their Web site at http://www.esrl.noaa.gov/psd/ are used to validate the coupled model results from August
2011 – June 2013.
• In situ SSS product – monthly (ISMON) - Only highest quality salinity observations from all sources* were combined to
include data within 10m of surface for 1990-present. SSS anomalies were first formulated using WOA09 SSS seasonal cycle.
These anomalies were binned onto 1ox1ox monthly grids and then were gridded using the OI technique of Carton and Hackert,
1989 using 15o and 3o decorrelation scales (Meyers et. al., 1991) for each basin. At each grid point the long-term seasonal
cycle bias with respect to WOA09 (referred to as OIBIAS) was removed prior to assimilation.
•In situ SSS product – weekly (IS) – Formulated in the same manner as monthly (ISMON) except this product uses 9.5o, 4.5o
and weekly for zonal, meridional, and temporal decorrelation scales , respectively. Scales were calculated from the Aquarius
Version 2 product.
•Aquarius (AQ) – L3 global gridded data were furnished through the NASA/CONAE Aquarius/SAC-D Project. The version V2
1ox1o mapped data cover the period August 27, 2011 until June , 2013. For Aquarius the anomaly is formulated using WOA09 +
OIBIAS as the seasonal cycle (Lilly and Lagerloef, 2008).
•Aquarius at in situ locations (AQ@IS) - OI of Aquarius subsampled at in situ locations using same decorrelation scales as
weekly in situ product.
* GTSPP – mixed data sources including Argo, starting in 1990, ftp.nodc.noaa.gov; WOD09 – World Ocean Database 2009 CD
(1990-2008) combined with www.nodc.noaa.gov/OC5/WOA09/pr_woa09.html update (to 2011). Research quality individual
observations on standard levels, TAO/RAMA – tropical mooring data, acquired from http://www.pmel.noaa.gov/tao/data_deliv/,
daily mean data, these are included due to inconsistent handling by GTSPP and WOD09.
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Mean Model Mean Forecast SST – The mean forecast evolution for the
SST anomaly is presented for the Aquarius period (Aug 2011-Jun 2013).
In addition to the coupled results presented so far, the mean of all
dynamic model coupled forecasts from IRI for NINO3.4 is also presented
(green) along with the temporal variability (error bars). Note that all the
coupled models (including IRI mean) tend towards too-warm east Pacific
SST for this period. The worse offender is the ASSIM_Tz experiment. The
propagating upwelling signal in the in situ SSS assimilation
(ASSIM_Tz_SSSIS) somewhat mitigates this too-warm trend and Aquarius
assimilation (ASSIM_Tz_SSSAQ) brings the mean forecast more in line with
observed anomalies for this period (i.e. -0.19oC represented by the thin
dashed line).

Why does assimilation of Aquarius outperform in situ SSS? – To test
if the observation density afforded by satellite SSS is the reason for
improved forecasts, we present an additional experiment that assimilates
the Aquarius data subsampled at in situ locations (ASSIM_Tz_SSSAQ@IS black). ASSIM_Tz_SSSIS (blue dash) and ASSIM_Tz_SSSAQ (red dotted)
are reposted from the middle top figure. The results show that statistics
are degraded for this subsampled product for a) correlation and b) RMS
with respect to ASSIM_Tz_SSSAQ. Note that statistics for
ASSIM_Tz_SSSAQ@IS look more similar to in situ than the full Aquarius.
The subsampled OI of Aquarius also looks more similar to the mean
gridded in situ, e.g. compare top left of poster panel d) versus a) and b).
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