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Sea level monitoring in the Arctic region has always been an extreme challenge for remote sensing, and in particular for satellite altimetry. Despite more than two decades of observations, altimetry is still limited in the inner Arctic Ocean. We have developed an updated version of the Danish Technical University's (DTU) Arctic Ocean altimetric sea level timeseries starting in 1993 and now extended up to 2015 with CryoSat-2 data. The time-series covers a total of 23 years, which allows higher accuracy in sea level trend determination. The record shows a sea level trend of 2.2 ± 1.1 mm/y for the region between 66°N and 82°N. In particular, a local increase of 15 mm/y is found in correspondence to the Beaufort Gyre. An early estimate of the mean sea level trend budget closure in the Arctic for the period 2005–2015 was derived by using the Equivalent Water Heights obtained from GRACE Tellus Mascons data and the steric sea level from the NOAA Global Ocean Heat and Salt Content dataset. In this first attempt, we computed the budget based on seasonally averaged values, obtaining the closure with a difference of 0.4 mm/y. This closure is clearly inside the uncertainties of the various components in the sea level trend budget.
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INTRODUCTION

For the Arctic region, a reasonable number of tide gauge data is available along the Norwegian and Russian coasts since 1950, and most of published research on Arctic sea level extends cautiously from these areas (i.e., Pavlov, 2001; Proshutinsky et al., 2004; Henry et al., 2012). However, only a limited amount of data is available in the interior of the Arctic Ocean, and records with a length of several decades, are completely absent outside the Norwegian and Russian sectors.

Since the early 1990s, ERS-1, ERS-2, and ENVISAT satellites have been able to map the Arctic Ocean sea level up to the 82° parallel whenever the Ocean is not frozen. In 2010 CryoSat-2 satellite was launched, ensuring continuity to altimetric records until present, and extending the spatial coverage up to 88°N significantly improving our ability to retrieve sea level in ocean leads (Stenseng and Andersen, 2012).

Basin scale changes in sea level are primarily caused by two processes: variation in temperature and salinity and through the exchange of water masses between different basins and/or land reservoirs (Leuliette, 2014). The Arctic Ocean is classified as a Mediterranean sea because of its limited water exchange with other ocean basins and because its circulation is coupled with thermohaline differences (Tomczak and Godfrey, 2003). Internally in the Arctic Large Ocean mass variations can be found mainly driven by wind forcing (Volkov and Landerer, 2013; Volkov, 2014).

In this paper we present an updated version of the DTU Arctic Ocean altimetric sea level dataset (Cheng et al., 2015) called Version 3. This dataset has been updated and extended to 23 years in total (1993–2015). The main update consists of replacing the 2002–2003 period previously observed by ENVISAT with sea level from the older ERS-2, due to some unsolved issues with ENVISAT during its first years of operation. The extension of the Arctic Sea level record up to present is achieved by integrating the CryoSat-2 for the period 2010–2015.

Subsequently we present a new updated linear sea level trend map and time series for the Arctic Ocean from Satellite Altimetry for the region 66°N up to the 82°N and the period 1993–2015.

The increase of satellite observations during the last decades has led to a significant progress in sea level budget closure (Church et al., 2011). With the launch of GRACE in 2002 it has been possible to study quasi-global sea level trend budget of the last 12 years, by combining satellite altimetry with water mass variations and thermo- and halo-steric sea level variations from models.

Finally we present a first attempt to a regional sea level trend budget closure study for the Arctic Ocean for the 2005–2015 time-series in which we use satellite gravity observations of water mass changes from the GRACE Tellus Mascons dataset and the global steric sea level anomaly data. Sea level changes caused by thermo- and halo-steric contributions are taken from NOAA Ocean Heat and Salt content dataset.

DATASET

Updated DTU Arctic Sea Level Dataset

The DTU Arctic altimetric Sea level record has been derived to maximize the spatial and temporal extent of the altimetric data. Version 3 of the Arctic record was implemented by merging ERS- 1, ERS-2, ENVISAT, and CryoSat-2 missions within the region 66°N–82°N in order to extend the time-series until 2015. These data were tailored, edited and processed according to Cheng et al. (2015), and are referenced to the DTU13 Mean Sea Surface (Andersen et al., 2015).

The raw DTU Arctic dataset is based on the Radar Altimetry Database System (RADS). RADS contains 1-Hz data for 9 missions, and it has the advantage to ensure consistency among the different missions in terms of reference (Scharroo et al., 2013) and corrections (Andersen and Scharroo, 2011).

In order to include Cryosat-2 data we had to account for the fact that Cryosat-2 operates in three different modes (LRM, SAR and SARin) as seen in Figure 1, and that only data from LRM and SAR are available through RADS. Furthermore, the standard editing in RADS does not allow for retrieval of sea level in leads (Stenseng and Andersen, 2012) which requires analysis of the 20 Hz data. For this reason SAR and SARIn data are acquired from DTU's in-house Lars Altimetry Retracking System (LARS) (Stenseng, 2011). LARS dataset contains data processed with eight different empirical retrackers, tailored to perform over highly specular surfaces, i.e., leads where SAR and SARIn data are retracked at 20-Hz with a simple threshold retracker. The subsequent processing of data closely followed the method described by Cheng et al. (2015).
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FIGURE 1. An example of the mode mask of Cryosat-2 for the Arctic Ocean for November 2012. The mask is dynamically changing with time. Faint blue regions means that data in LRM mode. Light blue is data in SAR and dark blue is data in SAR-in. Picture is from Cryosat-2 mission quality monitoring center (http://cryosat.mssl.ucl.ac.uk/qa/mode.php).



The previous version of DTU Arctic sea level dataset shows a questionable peak over the years 2002–2003, which corresponds to the first 2 years of ENVISAT, where particularly high sea level values are registered. A similar height anomaly is measured on global scale for the same period (Ablain et al., 2009; Figure 2). Currently this anomaly is still under investigation (ESA-CCI Sea level initiative, personal communication), and until it is understood we decided to update the version 3 of the Arctic time-series where we have replaced ENVISAT data with ERS-2 values along the period November 2002–July 2003. The comparison of the Arctic monthly averaged sea level over 66°N–82°N between version 2 and version 3 is displayed in Figure 3. The black curve represents the updated record. It can be noticed that a mean difference of 7.5 mm can be found between ERS-2 and ENVISAT (red curve) during the overlapping period.
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FIGURE 2. Difference between altimetry sea surface heights and tide gauges in situ measurements for four altimetry missions. Ambiguous values are observed for Envisat for 2002 and 2005 (Ablain et al., 2009).
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FIGURE 3. Version 3 of the Sea level record (black) based on ERS-2 compared with Version 2 containing Envisat (red) between 2002 and 2004.



Figure 4 shows the percentage of weekly observations available on the total amount of DTU Arctic sea level dataset. It is shown that within 20 years the largest number of observations is registered in the North Atlantic, while the availability of weekly data is down to around 20% between 120E and 120W (Cheng et al., 2015). This situation is related to the seasonal presence of ice in the interior of the Arctic Ocean. The irregular distribution of data both in space and time will impact on the interpretation and the subsequent computation of sea level trend budget closure. However, this result is still a huge improvement compared with standard edited datasets.
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FIGURE 4. Percentage of weekly altimetric observations (b).



Grace Water Mass

For the subsequent regional Arctic sea level trend budget closure, monthly global Mascons products from GRCTellus JPL are used. The ocean data, also defined as Equivalent Water Thickness (EWT) are delivered as sampled on a one-by-one degree grids and covering the time period from 2003 to 2015 (Watkins et al., 2015). GRACE data are provided with associated errors.

Halo- and Thermo-steric Sea Level Data

Global gridded steric sea level anomalies with resolution one-by-one degree are provided by NOAA Ocean Heat and Salt content dataset. NOAA supplies separately thermo- and halo-steric values from https://www.nodc.noaa.gov/OC5/3M_HEAT_CONTENT/index.html. Both thermosteric and halosteric solutions are delivered every 3 months. Halosteric data at this temporal resolution are available for 2005 to present period, while thermosteric data cover the period 1955-present.

In Figure 5 the distribution of steric data used for NOAA grids are plotted for the common time span 2005–2015. High density is observed in the North Atlantic area and in the Beaufort Sea, while sparse data are available over Russia and Canadian Islands. It is expected that this irregular distribution varies also in time, meaning that for certain periods few or no data are available. The small number of direct observations will impact the estimation of steric sea level. Unfortunately, NOAA does not provide access to the model and associated spatial distribution of errors. Fortunately, the steric contribution over the analyzed period is relatively small and is not a dominating signal.
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FIGURE 5. Distribution of steric values available for period 2005–2015.



ARCTIC LINEAR SEA LEVEL CHANGE (1993–2015)

To investigate the Arctic sea level trend in the region between 66°N and 82°N, the DTU Version 3 sea level dataset was used to compute the monthly mean sea level over the last 23 years as shown in Figure 6. From 2011 the monthly measurements (blue curve) register slightly higher annual fluctuations, which correspond to the fact that CRYOSAT-2 has more observations during leads in the winter period compared with conventional altimetry from ERS-1/ERS-2 and ENVISAT.
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FIGURE 6. Regional sea level variations over 1993–2015. Monthly averaged values are shown in blue and 13-month averaged values are shown in red.



The regional sea level trend computed over the period 1993–2015 indicates an increase of 2.2 ± 1.1 mm/y, which is relatively consistent with the results obtained by Svendsen (2015) for the Arctic Ocean. The red curve represents the 1-year filtered sea level computed through a 13 term moving average (Hyndman, 2011). This highlights inter-annual variation in sea level which is as large as the sea level trend. Consequently estimation of linear sea level trend over shorter period is highly dependent on the chosen period.

A detailed view of spatial pattern of the linear sea level trend for period 1993–2015 is presented in Figure 7 with a resolution of 0.5° × 0.5°.
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FIGURE 7. Spatial distribution of linear sea level trend for the period 1993–2015. An increase of 15 mm/y is observed in the Beaufort Sea. In the North Atlantic values corresponding to global sea level rise (Nerem et al., 2010) are found.



The trend pattern is dominated by a significant positive trend in the area of the Beaufort Sea, where an increase of almost 15 mm/y is registered. This is due to the Beaufort Gyre, a wind driven phenomenon that leads to freshwater accumulation (Rabe et al., 2011; Giles et al., 2012). In the northern part of the North Atlantic we observe regional sea level trend of 3–5 mm/years, which is comparable to what is seen by i.e., Nerem et al. (2010). Very close to the coast of Greenland the high sea level trend is questionable and can be attributed to the fact that few data exist during the ERS-1/ERS-2/ENVISAT period due to heavy sea ice coverage whereas in the same area Cryosat-2 provides a very narrow strip of SAR-in data.

Throughout most parts of the Russian Sector of the Arctic Ocean we only observe a relative small sea level trend of the order of 0–5 mm/year. This has to be further confirmed using tide gauges data in the region.

REGIONAL ARCTIC SEA LEVEL TREND BUDGET CLOSURE

The sea level budget equation in its simplest form reads:
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Where ΔSsl is the observed sea level, ΔSmass is the ocean mass variation and ΔSsteric is the steric component. Both sea level and ocean mass variations are corrected for GIA. Smaller contributions due to inflow and outflow from the Arctic Ocean as well as sea level pressure variations with time should be accounted in the overall sea level trend budget.

Here a first attempt on regional basin scale for the Arctic Ocean is evaluated by comparing the updated sea level record with GRACE EWT values combined with the NOAA steric heights during the overlapping period 2005–2015. GRACE ocean mass variations are processed without accounting for the atmospheric pressure component. This correction is therefore applied using the ECMWF ERA-Interim model, and integrated according to Wunsch and Stammer (1997).

It is important to notice that in this first approach on sea level trend budget closure several crude assumptions are made as the prime purpose of the study is to perform a validation of the observed change in altimetry sea level over the period 2005–2015. First, it must be considered that there is a spatial limitation due to satellite coverage, and the central part of the Arctic Ocean (above 82°N) is not included. The same limitation can be found in steric observations, as mentioned in Section Halo- and Thermo-steric Sea Level Data. Secondly, the budget contains data from the Northern area of the Atlantic Ocean, which exchanges water with other parts of the Atlantic Ocean. This effect along with possible variations in the sea level pressure is not accounted for in this investigation. Finally, since NOAA steric data for 2005–2015 are provided with an interval of 3 months, both GRACE and altimetry time-series are also averaged according to the same temporal resolution before comparing these.

Table 1 shows the linear trend of the different components obtained from a least squares fit. The uncertainties are estimated from the least squares fit, as suggested in Leuliette (2014). For period 2005–2015 the altimetric record measures a sea level rise of 4.34 ± 2.44 mm/y, while GRACE EWT registers an increase of 3.85 ± 0.87 mm/y. The large error associated with the altimetry trend is most likely due to great standard deviation in sea level values along the time-series which again stems from large seasonal variation. The same consideration can be done for the steric components: large variation of data through time leads to high errors in slope, in particular for the thermosteric values.

Table 1. Linear trend of sea level trend budget elements.
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The sum of water mass and steric variations shows an increase in sea level of 3.94 ± 0.94 mm/y. This value falls within the error of altimetry trend, showing consistency between the results. The sea level trend budget based on seasonal values is closed with a difference of 0.4 ± 2.61 mm/y. This is believed to be an acceptable result from this first investigation considering the limitations described above.

In Figure 8 the 3-month averaged sea level budget contributions for the 2005-2015 period are shown. Large differences are observed between the single values of mass + steric and sea level, showing that on short timescales the budget is not closed. This is likely due to the poor and seasonal spatial sampling from altimetry and steric contribution of intra-annual signals.
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FIGURE 8. Three-month sea level variation from Altimetry (black) and EWT from GRACE (green), steric contribution (blue), and the sum of ocean mass (GRACE) with steric height (red). All values are in centimeters.



Larger values registered in sea level from 2010 and continuing into 2013 can be observed also with smaller fluctuations in GRACE (green curve), and its combination with the steric components (red curve). The larger fluctuations starting in 2010 can be subscribed to the fact that Cryosat-2 SAR altimetry provides far more data in the interior of the Arctic Ocean due to its improved ability to detect sea level in smaller leads in the ice. The sea level event during 2012–2013, could likely be associated with the recording melting in the Arctic Region as also seen on Greenland (Khan et al., 2015), but more research is needed.

SUMMARY

In this study we have presented an improved version of the Arctic Ocean sea level record for the region 66°N–82°N covering the period 1993–2015. The dataset was modified to account for an unknown error in the ENVISAT data for the years 2002 and 2003, and it was updated with CRYOSAT-2 data until 2015. The record shows a total sea level rise of 2.2 ± 1.1 mm/y. The regional trend highlights a significant increase of 15 mm/y in the Beaufort Sea, corresponding to changes in the Beaufort Gyre. In the northern part of the North Atlantic we observe regional sea level trend of 3–5 mm/years, which is similar to what is seen by i.e., Nerem et al. (2010) for the global ocean.

With GRACE EWT products and NOAA steric models we have derived a first Arctic sea level trend budget closure for the period 2005–2015. Sea level trend of 4.4 mm/years were largely explained by similar trend in water mass derived from GRACE with a minor contribution from steric variations. This results in an acceptable sea level closure of 0.4 mm/y far within the errorbar of the altimetric sea level trend estimate. General agreement is found in the seasonal estimates between the altimetric records and the GRACE+steric combination, where a common increase is observed after 2010.
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The various DTU Arctic sea level data can be found as along track data and as monthly gridded SLA anomalies for the Arctic Ocean through the DTU Space public portal: ftp://ftp.space.dtu.dk/pub/ARCTIC_SEALEVEL.
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