Task 4.6 at KMS

THE MODELS

The first three work packages in the GOCINA project have provided us with a new geoid model, a new mean sea surface model, and a new hydrodynamic mean dynamic topography. All of these models have an associated error field. The error fields are indicating the quality of the data used for the models.  Figure 1a, 2a, and 3a show the models and 1b, 2b, and 3b shows the associated error fields.
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Fig. 1a. The NAT04 geoid model calculated at KMS with JPL’s GRACE geopotential model as reference. The modeling is based on the KMS/SK gravity database supplemented with new airborne GOCINA data and new marine data from NIMA. Satellite altimetry is draped in gravity voids.     
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Fig. 1b. The error field associated with the NAT04 geoid. The best data quality is seen in the strait areas between Greenland, Iceland, Faroe Islands, and Norway coincident with the location of the new airborne data. The highest errors are in the south-western part of the area where the distribution of gravity data is sparse.
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Fig. 2a. The KMS04 mean sea surface. The model is global with a 2 minutes resolution. Unlike other surfaces a method has been included to account for the inter-annual ocean variability (like El-Niño).
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Fig. 2b. The error field for the KMS04 mean sea surface. The Topex satellite coves the area up to 66( and causes the abrupt change of accuracy at this latitude.
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Fig. 3a. The composite mean dynamic topography. The model combines seven different MDT models. By assuming that each individual MDT is an estimate of the ‘true’ MDT plus a random error, we can calculate a 95% confidence interval within witch the ‘true’ MDT lies. This confidence interval is effectively an error estimate for the composite MDT. 
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Fig. 3b. The error field for the composite MDT. This corresponds to a 95% (2() uncertainty in the composite MDT. 

OPTIMAL SMOOTHING
A finite difference inverse model is used to smooth the raw difference between the mean sea surface and the geoid. The method combines information about the actual accuracy of the input models with a-priori information about the variances of the mean dynamic topography and its slopes. Constraining the slopes of the topography minimize the variance of the geostrophic mean surface currents. Hereby, the raw differences between the mean sea surface and the geoid are smoothed optimally considering both the actual errors and the a-priori information. A Cholesky algorithm is used for solving the system of linear equations.

As an example an input (raw difference between mean sea surface and geoid) model is seen in figure 1. Figure 2 shows the error field for the model used as a-priori information. Figure 8a shows the output after the optimal smoothing method is applied.
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Fig.4 The raw difference between the KMS04 mean sea surface and the NAT04 geoid. This is the input for the “optimal smoothing” method. The output is seen in figure 8a.
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Fig 5 The error field associated with the KMS04 – NAT04 synthetic MDT. This a-priori information is used in the “optimal smoothing” method.

SYNTHETIC MDTS FROM EGM96 TO NAT04
Synthetic mean dynamic topographies are produced as the difference between mean sea surface and geoid and smoothed by “optimal smoothing”. Here three MDTs are produced from the KMS04 MSS and three different geoids: EGM96, GGM01S/EGM96 and NAT04. The models are smoothed in 0.25° by 0.5° blocks and the mean values are removed. 

The geostrophic ocean surface currents are obtained from the mean dynamic topography by differentiation. 

The synthetic MDTs are compared with the composite (hydrodynamic) mean dynamic topography model. The mean value is removed from all models before the comparisons.

MDT from KMS04 and EGM96
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Fig. 6a The water level in the Denmark Strait is low in this model. This makes the EGC vanish between Iceland and Greenland. Along the coast of Norway the model is also too low, but the Northwest Atlantic Current (NWAC) is visible although very weak. 
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Fig. 6b Difference between the synthetic KMS04-EGM96 MDT (fig. 6a) and the composite MDT.

	Model
	Mean
	Std.
	Min.
	Max.

	KMS04-EGM96 MDT
	0.0
	0.17
	-0.32
	0.59

	Composite MDT
	0.0
	0.18
	-0.37
	0.30

	Difference
	0.0
	0.13
	-0.29
	0.34


Statistical comparison between the synthetic MDT KMS04-EGM96 and the composite MDT. All values are in meters.
MDT from KMS04 and GGM01S/EGM96
GGM01S/EGM96 is a hybrid geoid. To degree and order 65 it is based on the GGM01S gravity field from GRACE. From degree 65 to degree 95 there is a smooth transition from GGM01S to EGM96. Above degree and order 95 the geoid is solely based on EGM96.
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Fig.7a The low MDT level northeast and southwest of Iceland makes both the Irminger Current and the East Iceland Current (EIC) very clear.
The East Greenland Current appears to end in the Denmark Strait as a result of a sharp transition in the MDT. The NWAC along the coast of Norway is clear, although placed a bit too to the west.
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Fig. 7b Difference between the synthetic KMS04-GGM01S/EGM96 MDT (fig. 7a) and the composite MDT.

	Model
	Mean
	Std.
	Min.
	Max.

	KMS04-GGM01S/EGM96 
	0.0
	0.20
	-0.37
	0.52

	Composite MDT
	0.0
	0.18
	-0.37
	0.30

	Difference
	0.0
	0.08
	-0.28
	0.25


Statistical comparison between the synthetic MDT KMS04-GGM01S/EGM96 and the composite MDT. All values are in meters.
MDT from KMS04 and NAT04
NAT04 is a new geoid for the Nordic area and Greenland calculated at KMS with JPL’s GRACE geopotential model as reference. The modelling is based on the KMS/SK gravity database supplemented with the GOCINA airborne data and new marine data from NIMA. Satellite altimetry (KMS02 gravity field) is draped in gravity data voids.
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Fig.8a This combination of mean sea surface and gravimetric geoid makes the East Greenland Current flow almost as expected from hydrodynamic models. 
The water level is a little too low along the southeast coast of Greenland. This makes the EGC current a bit too narrow.
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Fig.8b Difference between the synthetic KMS04-NAT04 MDT (fig. 8a) and the composite MDT.

	Model
	Mean
	Std.
	Min.
	Max

	KMS04-NAT04 
	0.0
	0.20
	-0.38
	0.43

	Composite MDT
	0.0
	0.18
	-0.37
	0.30

	Difference
	0.0
	0.07
	-0.23
	0.16


Statistical comparison between the synthetic MDT KMS04-NAT04 and the composite MDT. All values are in meters.

CROSS SECTIONS

The various MDTs have been evaluated along five cross sections. Two of these cross sections are extending all the way across the North Atlantic. The other three are covering the straits between Greenland, Iceland, Faroe Islands, and Shetland Islands. These areas are crucial for the North Atlantic circulation. 
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Fig. 9: The GOCINA study area and the five cross sections. 

MDTs (middle figures):

The MDT models KMS04-GGM01S/EGM96, KMS04-NAT04, and Composite MDT are seen to follow the bathymetry more or less. These three models are also showing almost the same patterns along the cross sections. 

The MDT produced with KMS04 and EGM96 is smoother than the other models. This is particularly seen in cross section 1. The water level in this model is also different from the three other models. 

Geostrophic currents (top figures):

For cross section 1 and 9 the direction of the geostrophic currents are more or less the same in the four models, but the speed of the currents are not the same. They differ by up to 10 m/s in the same point.

In cross section 4 and 6 neither direction or speed is alike for the four models. 
FIGURE LEGEND
Red: Composite MDT

Green: KMS04 – EGM96

Blue: KMS04 – GGM01S/EGM96
Black: KMS04 – NAT04
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Fig. 10: Cross section 1, from Greenland to the Hebrides.

Bottom: Bathymetry. Middle:  MDT models. Top: Geostrophic currents calculated from the MDT models. 
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Fig. 11: Cross section 7, from Greenland to Iceland. Cross section 6, from Iceland to The Faroe Islands. Cross section 4, from Faroe Islands to The Shetland Islands.   

Bottom: Bathymetry. Middle:  MDT models. Top: Geostrophic currents calculated from the MDT models. 
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Fig. 12: Cross section 9, north of Iceland from Greenland to Norway.

Bottom: Bathymetry. Middle:  MDT models. Top: Geostrophic currents calculated from the MDT models. 

POWER SPECTRA

The circulation patterns are different in different parts of the GOCINA area as can be seen in the cross section analysis. Here two areas with different characteristics are studied individually. The areas are seen in figure 13.
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 Figure 13: Investigated sub areas of the GOCINA area. 

The first sub area (SW area) is in the south-western part of the GOCINA area.  Here the coverage of gravity data is sparse, but there is a fine coverage of both hydrodynamic data and altimetry. 

This sub area is placed in the middle of the Irminger Current and cross section 9 is passing through.

The second sub area (NE area) is covering the straits between Iceland and the Faroe Islands and between Faroe Islands and Shetland. The coverage of gravity, hydrodynamic, and altimetry data are good in this area. Cross sections 4 and 6 are passing through this area.
For both sub areas we have calculated spatial power spectra of geoid, mean sea surface, and mean dynamic topography. These power spectra are compared to a power spectrum for the residual MSS – MDT – geoid.

The same analysis is performed with a filtered version of the models (20 km wide gaussian low pass filter).

SW area

The power spectra for the different models are seen in figure 14. A reference geoid (GGM01S/EGM96) has been subtracted from the NAT04 geoid and the KMS04 mean sea surface (both the filtered and the non-filtered version). 

The power spectra for the five models are more or less the same up to approximately 0.5 cycles/degree. From there the composite MDT spectrum drops rapidly. The geoid and the MSS (and the filtered versions) are alike up to 2 cycles/deg. Then the geoid and the mean sea surface separates. The filtered versions of geoid and MSS are very alike through the whole spectrum.
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Fig. 14. Power spectra for MSS, filtered MSS, geoid, filtered geoid, and MDT in the south-west area.
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Fig. 15. Power spectra for the residual and the filtered residual. The spectra from figure 14 are shown in gray. 

Figure 15 shows the power spectra for the two residuals r=MSS – composite MDT – geoid and rf= filtered MSS – composite MDT – filtered geoid. The power spectra from figure 14 are shown in gray. There is no difference between the two spectra until approximately 2 cycles/deg. From there on they separate and from 4 cycles/degree the filtered residual follows the filtered mean sea surface (and therefore the filtered geoid). The non-filtered residual follows the mean sea surface from the same point. This means that the residuals primarily contain the mean sea surface from 4 cycles/deg.

NE area

Figure 16 shows the same models as figure 14 but now in the north-eastern area (figure 13). The composite MDT departs from the other models from the beginning of the spectrum. The geoid and the MSS (and the filtered versions) are also in this area more or less the same until 2 cycles/deg. From there on the geoid and the mean sea surface departs from each other, but not as much as in the SW area, where the distribution of gravity data is sparser. The filtered versions of the geoid and mean sea surface are also very alike in this spectrum.
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Fig. 16. Power spectra for MSS, filtered MSS, geoid, filtered geoid, and MDT in the north-east area.
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 Fig. 17. Power spectra for the residual and the filtered residual. The spectra from figure 16 are shown in gray.

Like figure 15 figure 17 shows the power spectra of the residuals. The figures are very alike. Again there is no difference between the two spectra until approximately 2 cycles/deg. And from 4 cycles/deg. the filtered residual follows the filtered mean sea surface (and filtered geoid) and the non-filtered residual follows the MSS.
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