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SUMMARY
A synthesis of the data analysis and modelling work is provided together with the highlights of
the main results obtained so far during the first 2 years of the project. A more in-depth and
comprehensive synthesis will be undertaken during the final reporting year of the project as
more thorough analyses of all data subsets have been performed. The preliminary synthesis is
given on a selected subset of Essential Climate Variables (ECVs) arranged according to the 3
main project themes including terrestrial carbon and water fluxes, sea level and ocean
circulation and the marine carbon cycle in the high latitude and Arctic regions. In total there
are 11 ECVs to be explicitly produced in MONARCH-A, including:

-

Terrestrial: river discharge, snow cover, ice sheet mass balance and permafrost;

-

Oceanic: sea ice drift and sea ice volume, sea level, current, ocean color and CO2 partial pressure;

-

Atmospheric: near surface wind field
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1 Introduction
The synthesis in MONARCH-A is a cross-cutting activity in which an Earth System approach is
adopted in order to quantify combined and interrelated changes in terrestrial carbon and
water fluxes, sea level and ocean circulation and the marine carbon cycle in the high latitude
and Arctic regions. The ultimate goal is to generate a dedicated information package tailored
to a subset of multidisciplinary Essential Climate Variables (ECVs) and their mutual forcing
and feedback mechanisms associated with changes within both the terrestrial and oceanic
domains (Table 1, Appendix). In particular the generation of refined and consistent
multidisciplinary time series of:
river discharge, snow cover, ice sheet mass balance and permafrost;
sea ice drift and sea ice volume, sea level, current, ocean color and CO2 partial pressure;
near surface wind field

-

integrated with tailored information on land cover, fire, sea ice extent and concentration,
sea ice thickness, sea surface temperature and sea level will provide tailored information
and products to assist climate change research to incorporate the refined and consistent
ECVs.
The synthesis includes combining selected time series of ECVs generated in the project
together with other existing time series, checked and assessed for consistency. In so doing,
variability and trends in these ECVs together with the 3D fields from the reanalyses will be
synthesized to establish a more comprehensive quantitative understanding of the climate
changes in the high latitude and Arctic region over the last 50-60 years. In particular, this
includes:
-

-

New and more accurate characterization of the state and variability of river discharge,
snow cover and snow water equivalent, permafrost extent and seasonal variability of
frozen ground; sea level and Greenland ice sheet mass loss, ocean currents and sea ice
drift as well as ocean mass and heat transport, CO2 partial pressure, and near surface
wind field.
New and better quantification of mutual forcing and feedback mechanisms of the high
latitude and Arctic climate system, including natural and anthropogenic contributions;
New knowledge and support to the attribution of the causes of high latitude and Arctic
climate change;
New knowledge and support to interannual-to-decadal prediction of high latitude
climate change, in particular through generation of more accurate initial conditions;
New knowledge and support to advanced understanding of the two-way connections
between global and regional climate change.

The integrated science and technology achievements from the three main research themes
together with the results of the synthesis and interaction with the scientific climate change
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community will make a new advanced knowledge base that can feed into an overall
assessment of priorities, design and implementation of a high latitude and Arctic monitoring
system for climate change. This will be reported in the forthcoming synthesis reports and is
essential for future advances in operational decadal scale prediction and services targeted
the high latitude and Arctic regions.
The scope of the present report is to provide a status of the data analysis and modelling
work and the highlights of the main results obtained so far in the project.
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2 Changes in terrestrial carbon and water fluxes
High latitude regions are predicted to suffer much greater warming than lower latitudes as a
result of climate change, leading to drastic changes in the carbon and water balance of the
region, with associated large effects on snow cover, soil freeze-thaw periods, soil moisture,
permafrost, growing season, vegetation cover (including species changes), greenhouse gas
fluxes and albedo. Of crucial concern are the feedbacks between these land surface
processes and climate warming; this is recognised as one of the greatest sources of
uncertainty in climate prediction (IPCC 2007).

2.1 Vegetation cover
Land cover is a crucial determinant of land-atmosphere fluxes, while changes in fire regimes
are both an indicator of climate change and are likely to be strongly affected by climate
change, with consequences for carbon emissions and sequestration.
A key aim is to amalgamate the separate observations of these different variables in a single
modelling framework to elucidate their interactions, involving new modules to ensure that
these data can be exploited in hydrological models, Dynamic Vegetation Models and climate
models that are fully coupled to a dynamic land surface model.
The Plant Functional Type (PFT) distribution in most Dynamic Vegetation Models (DVM) is
obtained by input vegetation cover maps acquired from Earth Observation data. The most
important vegetation cover data sets have been inter-compared and used to drive a DVM to
establish carbon fluxes sensitivity to input land cover and pinpoint uncertainties caused by
translating land classes of the different classifications to model PFTs. The DVM used was the
Sheffield Dynamic Global Vegetation Model (SDGVM) (Woodward & Lomas, 1994) and the 5
land cover data sets examined were GlobCover, MODIS LC-VCF, MODIS LC, GLC2000 and one
produced for the purposes of the ESA DUE Permafrost project. For comparison the PFT
distribution from the LPJ-WM (Wania et al., 2009) are also presented which, unlike most
models, doesn't rely on input vegetation cover but simulates its own PFT distribution.
Significant differences were observed (Figure 1), with MODIS LC-VCF having the highest
coverage of grass and the lowest in both tree and bare ground. The best agreement was
between GlobCover and MODIS LC, with GLC2000 having the highest tree cover. Despite
GLC2000 and LPJ-WM having similar cumulative cover their vegetation maps show that the
spatial distribution is quite different due to the establishment and competition processes of
LPJ-WM.
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Figure 1. (left) Vegetation maps of the boreal
latitudes produced by the 5 land cover data
sets that were used to drive SDGVM. Also
shown is the natural vegetation produced by
LPJ-WM. (right) Fraction of tree, grass and
bare ground cover for the 5 land cover data sets and natural vegetation of LPJ-WM.

Results of the 5 SDGVM runs driven with the different land covers are presented in Figure 2
for boreal latitudes. As expected, Net Primary Production (NPP) and consequently
heterotrophic respiration (Rh) are found to negatively correlate with the percentage of bare
ground cover. MODIS VCF shows the greatest productivity of the 5 land covers with 9.39 Pg C
y-1, approximately 10% more than GlobCover, which had the lowest. Since SDGVM treats as
fuel only the above-ground biomass, fire emissions are predominantly a linear function of
tree cover. The biggest difference can be found between GLC2000 (40% tree cover) and
MODIS VCF (25% tree cover) with the latter emitting almost 50% less carbon due to its lower
tree coverage. Net Biome Production (NBP) was found to be a linear function of tree and
grass cover given by NBP=5.73*(Tree Cover) +2.09*(Grass Cover) +0.71 and R2=0.86 with NBP
in x1014 g C, which lead to substantial differences of up to 20% between the lowest carbon
uptake by GlobCover and highest by GLC2000. This work highlights the importance of input
land cover into a DVM by establishing and quantifying to a certain extent the sensitivity of
simulated carbon pools to input vegetation cover.
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Figure 2. NPP, Rh, NEP, Fire Emissions and NBP outputs of SDGVM when driven with GlobCover,
MODIS LC-VCF, MODIS LC,GLC2000 and DUE Permafrost.

2.2 Fire
Data-model comparisons of burned area and fire emissions (Figure 3) revealed that
although some models capture the magnitude, none of them manages to capture the interannual variability (IAV) of the fire emissions or burned area due to the models’ deterministic
approach towards the stochastic phenomenon of naturally occurring fires.
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Figure 3. (left) Total area burnt per year (Mha yr-1) for the pan-boreal region, N. America and Eurasia
as calculated by the models LPJ-WM, SDGVM and CLM4CN and given by the EO data sets GFED
(Global fire emissions database) and MODIS MCD45A1 (right) The corresponding fire emissions in
(TgC yr-1) for the 3 models and GFED. For both variables the EO data sets exhibit considerably higher
variability.

Figure 4. Time series (1960-1996) of the de-trended NBP (solid line, left y-axis) and fire emissions
(dashed line, right y-axis) for a control and adjusted SDGVM run parameterized to include the IAV of
GFED-BA.

To investigate possible effects on the IAV of the Net Biome Production (NBP) the fire regime
of SDGVM was altered in order to include the IAV of the burned area obtained from EO data.
D4.1 Synthesis report y2
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As Figure 4 suggests, although there is a distinctive increase in the IAV of the fire emissions
when the EO data variability is injected into the model (SDGVM), the magnitude of the IAV of
the NBP is not significantly affected. Although the IAV of burnt area now corresponds more
closely to that of the observations, the mean behaviour and trends of NBP remain unaffected.
This supports the theorized premise in climate studies that the variability of NBP is not
caused, at least to a great degree, by the temporal and spatial variability of fire emissions.

2.1 River discharge and water bodies
The decadal dynamics of high latitude rivers and water bodies have strong global impact, as
the huge numbers of lakes forming in the summer season at high latitudes are important for
greenhouse gas exchange, evapo-transpiration, runoff and groundwater, and runoff is a
major source of fresh water to the Arctic Ocean. In addition, snow cover, snow depth and
snow cover period are all indicators of climate change, but also have strong effects on water
availability for plant growth, vegetation growing periods, flow of fresh water into the Arctic
Ocean and albedo.
To provide long time-series of measurements of water levels over large Arctic rivers and
lakes we have assembled the data sets from the different satellite radar altimeters (Topex/
Poseidon, ERS, ENVISAT, Jason1/2) and we have computed surface water levels variability for
large Arctic rivers and lakes. Processed time series of the lake and river level have been
obtained
from
the
Hydroweb
web
site
[http://www.legos.obsmip.fr/en/equipes/gohs/resultats/i_hydroweb].
River discharge is estimated by combining altimetric observations of water level and
historical in situ data on river discharge, see e.g. Kouraev et al., 2004. The Ob’ - one of the
largest Eurasian rivers – was chosen in order to estimate the accuracy of the T/P altimetric
measurements of river level and discharge. Relationships between satellite-derived water
level and river discharge measurements at Salekhard gauging station near the Ob’ estuary
have been established. The introduction of new retracking algorithms for computing the
river level will significantly increase the accuracy of the discharge estimates.
Ob' river (ENVISAT radar altimetry) Ice2 retracker data have been used to identify 58 virtual
stations along the main channel of the Middle and Lower Ob’. Average values from 2002 to
2009 for each station show the along-river variability of amplitude and maximal and minimal
water level (Figure 6). We observe a general decrease of both absolute values of water level
(eroding effect of the river) and amplitude (widening of the river channel) toward the outlet.
Irregularities and spikes may be related to river valley width, influence of confluents etc.
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Figure 5. Water level variability along the Lower and Middle Ob’ (maximal and minimal values, as
well as amplitude). Averaged data for 2002-2009. Distance is expressed in km starting from the
northernmost virtual station

An important ingredient in the determination of timing of runoff is the defining of the timing
of specific ice events over lakes and seas. By a 3-step method described in Monarch-A
Delivery report 2.1.4 the whole altimetric and SSM/I satellite dataset has been processed.
The combined altimetric-SSM/I observations significantly enhance the potential of
microwave measurement for ice studies. The resulting classification maps for each pentad
enables one to define specific dates of ice events (the first appearance of ice “First Ice”, the
formation of stable ice cover “Ice 100%”, the first appearance of open water “First Open
Water” and the complete disappearance of ice “Open Water 100%”) for each water body or
its sub-region, as shown by an example in Figure 6, for Lake Baikal (three sub-regions –
Northern (NB), Middle (MB) and Southern (SB)), Onega and Ladoga lakes, Aral sea (Northern
and Southern parts) and Caspian sea (Western and Eastern parts).
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Figure 6. Beginning of ice events (first ice observed), days since 31 December for the five selected
water bodies. Dates are expressed as days since 31 December (1=1st of January). In some cases dates
are blanked (data availability and/or quality issues). For the Northern Caspian sea, where ice drift is
observed throughout the whole winter, dates for Full Ice and First open water have not been defined.

2.4 Snow cover
23 years of SSM/I satellite data set from 1988 to 2010 have been assembled and analysed,
computing snow extent, start and end dates of snow cover snow depth and snow water
equivalent (Figure 7). Data for 5-day and monthly snow extent fields and yearly start and end
dates of snow cover for the boreal regions north of 36° latitude are available. Here it is
focused on:
- 5-day and monthly snow depth fields for the boreal regions north of 50° latitude.
- 5-day and monthly snow water equivalent fields for the boreal regions north of 50°
latitude.
D4.1 Synthesis report y2
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Figure 7. Snow depth (left) Snow density (middle) and snow water equivalent (right) for pentad from
20th to 25th February 2008.

Snow water equivalent is a quantity easier to compare to models. For 2006 comparisons
have been made with both the LPJ and SDGVM models (Figure 8; Lund-Potsdam-Jena (LPJ),
Sheffield Dynamic Global Vegetation Model (SDGVM)). Satellite observations see less snow
than both models but present similar seasonal behavior. Fractions of Water are also
computed with satellite passive sensors during July and August over the 23 years. This
variable is complementary to snow to better understand the water cycle and its dynamics in
boreal regions. The annual trends in snow cover are for both models seen to be weakly
negative over the observation period, however not significant, as the interannual variability
is notable Figure 9.

Figure 8 Snow Water Equivalent for Satellite observation (blue), LPJ model (green) and SDGVM (red)
and snow volume for satellite observation for year 2006 and over 50°N
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Figure 9. Time series and trends of the annual mean snow cover measured (blue), simulated

by LPJ (green) and by SDGVM (red)

2.2 Permafrost
Boreal latitudes are characterized by huge expanses of boreal forest, wetlands, peatlands
and tundra lying on organic soils that account for 50% of the global below-ground organic
carbon. All these various biomes are to some extent underlain by permafrost (continuous,
widespread or scattered) which makes it important for land models to incorporate processes
that simulate permafrost formation and dynamics, including its effect on hydrology. The LPJWM model outputs of permafrost parameters have been compared with data collected from
various sources which were amalgamated into reference maps.
The reference map has been developed based on scanned and digitized permafrost maps
published from 1970 to 1988, yielding permafrost boundary, permafrost depth, temperature
of permafrost and active layer thickness. Practically the reference map is a collection of five
different maps (for Russia, Mongolia, China, Canada and Alaska) that are difficult to merge
because of differences in permafrost thickness and temperature classification.
For the Russian territory the digital map describes permafrost boundary, permafrost depth
(contours for 25 m, 50 m, 100 m, 200 m, 300 m, 500 m, 700 m and 900 m), the temperature
of permafrost, and the active layer thickness (Figure 10), based on the I. Baranov's paper map
published in 1970 at a scale of 1:5,000,000, still not well known in the international scientific
community. Local - although not consistent - data describing different permafrost
parameters have also been collected.
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Figure 10. Digital permafrost map of Russia. Digitized parameters: permafrost boundary, depth,
temperature and active layer.

Collection and analyzing of data that describe permafrost parameter changes has been
initiated for the period from 80th of the previous century to present. Data on active layer
and ground temperature on different levels for the Russian territory has been collected and
processed. The data is transformed into the common XLS format. All time series are
illustrated by charts.
Figure 11 depicts how LPJ-WM correctly captures the permafrost extent both for N. America
and Eurasia.

Figure 11. Comparison of permafrost extent over the boreal latitudes obtained from LPJ-WM and
reference maps.

D4.1 Synthesis report y2

Page: 19/51

MONARCH-A
MONitoring and Assessing Regional Climate change in
High latitudes and the Arctic
Grant agreement n° 242446

Ref: D4.2-y2
Date: 27/03/2012
Issue: 3

Figure 12 shows that the model adequately simulates permafrost temperature for Eurasia,

albeit with an offset which increases as permafrost temperature decreases. Permafrost
depth cross-correlation between data and model could not be carried out as LPJ-WM doesn't
simulate this parameter, while lack of metadata on active layer depth maps didn't permit a
data-model comparison for this parameter either. Although the model successfully captures
permafrost extent and to some degree permafrost temperature, it was found that fire
parametrization prohibits the model from correctly simulating the response of permafrost to
fire disturbance.

Figure 12. Comparison of permafrost temperature over Eurasia obtained from LPJ-WM and

historical maps. Histograms were obtained by plotting the model values underlying the
contours of the data for each temperature class.
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3 Changes in sea level and ocean circulation
3.1 Ice sheets and glaciers
Current mass loss from the Greenland ice sheet is estimated to be around 205 +/- 20
GT/year, corresponding to about 0.8 mm/year sea level rise, with a possible acceleration in
the northwest of Greenland. In comparison the loss in Antarctica is about 100 +/- 50 GT/year.
A key question is whether the corresponding freshwater flux will change the sub-polar gyre
and whether this impacts the northward flowing Atlantic Water.
Spatial–temporal variability and changes of Greenland ice sheet elevation from 1992 to 2008
are analyzed from consistently merged ERS-1, ERS-2 and Envisat satellite radar altimeter
data. The elevation time series has been adjusted for its dependence on backscatter
0

coefficient (σ ) based on the approach by Davis and Ferguson, 2004 and Zwally et al., 2005 in
order to account for the changes in the ice sheet surface properties. By this the amplitude
of elevation seasonal variations is reduced substantially and the local elevation change-rate
estimates are corrected by up to several cm/year.
0

The sensitivity of measured elevation to changes in σ was estimated by using the
differences between adjacent points of time series as in (Khvorostovsky, 2011). Temporal
variations of this sensitivity and adjustment of elevation time series for dependence on
other waveform shape parameters are not taken into account here.
Temporal variations show that increases in surface elevation from 1995 observed over the
high-elevation regions of Greenland were followed by an elevation decrease from 2006
(Johannessen et al., 2005; Khvorostovsky, 2011). In contrast, over low-elevation areas below
1500 m the surface elevation decrease that started from 2000 has continued (Figure 13).
Dataset presented here gives an average elevation change rate of 3.2 ± 0.2 cm/year from
1992 to 2008 over 76% of the Greenland ice sheet area. However marginal areas are not
completely measured by radar altimetry and substantial thinning rates over these areas
could offset the observed average elevation change. At the same time spatio-temporal
analysis reveals large interannual elevation variability over western and south-eastern
regions.
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Figure 13. Elevation time series over the areas above (blue) and below (red) 1500 m obtained by merging
ERS-1, ERS-2 and Envisat satellite altimeter measurements from 1992 to 2008.

Figure 14. Observed mean elevation changes from ICESat (left) and gavity changes observed by
GRACE (middle) over the period 2003-2008. Definition of seven major drainage basins (right)

Figure 15. Time series of GRACE based mass changes for basin 4 and 7
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Surface heights have also been derived from NASA’s laser altimetry satellite mission ICESat (L.
S. Sørensen, 2011) for October 2003 – March 2008, Figure 14 left. A distinct thinning of the ice
sheet is found along the southeast and west coasts, and a smaller but consistent thickening is
found in the interior part of the ice sheet, in agreement with the trends derived from
ERS/ENVISAT.
The joint American-German GRACE gravity satellite mission has measured the Earth gravity
field, since 2002. A generalized inversion method has been used to estimate the Greenland Ice
Sheet mass changes Fig. 2 middle (Forsberg, Barletta and Sørensen, 2011). The estimate for
the entire ICESat period (October 2003-March 2008) is -204 +/- 21 Gt/yr. Conversion of the
ICESat heights into mass changes using firn densification and snow density models, results in a
larger estimate of -240 +/- 28 Gt/yr. Work to estimate the freshwater contribution to the Arctic
Ocean from GRACE data is ongoing (Barletta and Sørensen). The contribution from the
Greenland Ice Sheet will be estimated for each of the seven major basins presented in Figure 14
right, adapted from Hardy et al, 2000. Examples of mass changes for basin 4 and 7 are given in
Figure 15, both showing a negative trend/mass balance.
First results of near-coincident CryoSat-2 (level 2) and airborne laser scanner data over the
Greenland Ice Sheet (Sørensen et al, 2011) is not consistent and show biases between the
two data sets by up to 50m. This is believed to improve with the reprocessed data using the
updated ground processor, which are about to be implemented at the time of writing.

3.2 Sea level
A main goal with the sea level observations and modelling is together with other parameters
to provide dynamically consistent reanalysis of the Arctic Ocean over the last 50 years,
allowing better understanding of water mass formation, circulation, sea level, sea ice extent
and sea ice thickness changes in this region.
During the past few decades, the Arctic region has warmed at a faster rate than the rest of
the globe in response to anthropogenic climate change (IPCC, 2007). Increase air
temperature (e.g., Chylek et al., 2010), sea ice extent and thickness decrease (e.g., Kwok et
al., 2009, Stroeve et al., 2010) and Greenland ice sheet mass loss (e.g., Holland et al., 2008,
Rignot et al., 2011) are among the most visible effects of global warming in the Arctic. As sea
level is a very sensible indicator of climate change and variability, one may also wonder
whether Arctic sea level is rising at a rate different than the global mean sea level and what
are the main patterns of regional variability. Only a few studies have been dedicated to
study Arctic sea level (Proshutinsky et al. 2001, 2004). Proshutinsky et al. (2004) estimated
sea level change in the Russian sector of the Arctic Ocean using tide gauge data released in
2003 by the Arctic and Antarctic Research Institute in St Petersburg (Russia). These authors
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found that over ~1950-2000, the mean sea level along the Russian coastlines rose at a mean
rate of 1.85 mm/yr after correcting for the Glacial Isostatic Adjustment (GIA) process.
Sea level change and variability have been investigated in part of the Arctic region over the
1950 2009 period. Coastal mean sea level (corrected for GIA and inverse barometer effects)
in the Norwegian and Russian areas was almost stable until about 1980 but since then
displayed a clear increasing trend (Figure 16).

Figure 16. MSL curves in the Norwegian (dataset1) and Russian sectors (dataset1 and 2)

Until the mid-1990s, the mean coastal sea level closely follows closely the fluctuations of
Arctic Oscillation (AO) index, but not thereafter. Since 1995, the coastal mean sea level
(average of the Norwegian and Russian tide gauge data) presents an increasing trend of ~4
mm/yr. Using in situ ocean temperature and salinity data down to 700 m from three
different data bases, we estimated the thermosteric, halosteric and steric (sum of
thermosteric and halosteric) sea level since 1970 in the North Atlantic and Nordic Seas
region, as well as along the Norwegian coast (incomplete data coverage prevented us to
analyze steric data along the Russian coast)
We note a strong anti-correlation between the thermosteric and halosteric components
(Figure 17) both in terms of spatial trends and regionally averaged time series. The latter
show a strong change as of ~1995 that indicates simultaneous increase in temperature and
salinity, a result confirmed but the Empirical Orthogonal Function decomposition over the
studied region. Regionally distributed steric data are compared to altimetry-based sea level
over 1993-2009, whose spatial trend patterns can be largely explained by steric patterns,
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even if residual spatial trends suggest that other factors as regional ocean mass changes
contribute.

Figure 17. Altimetry-based, thermosteric and halosteric sea level trend patterns in the North Atlantic
and Nordic Seas region over 1993-2009.

Comparing the observed coastal mean sea level with the steric sea level and the ocean mass
component estimated with GRACE space gravimetry data (since 2003), it can be concluded
that the mass component plays a significant role and partly explains the sustained sea level
rise (of ~4 mm/yr) observed over the altimetry era in that particular area (Figure 18).

Figure 18. Top: Tide gauge-based (blue curve) and altimetry-based CMSL (black curve) at the
Norwegian tide gauge sites sector over 1993-2009. The green curve represents the GRACE-based
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mean ocean mass component. Bottom: mean steric sea level (IK09 data); the green curve represents
the steric component estimated from the difference between tide gauge-based CMSL and GRACE
mean ocean mass

Modelled SSH. Model values of sea surface height (SSH) have been compared for 1970-2007
with estimates of Kwok et al., (2011), obtained on the basis of six years (2004-2008) ICESat
satellite observations. Generally models reproduce overall spatial structure of the SSH in the
Arctic ocean with higher values in Amerasian part of the basin and lower values in Eurasian
part (Figure 19). Differences in SSH values between these two basins are about 80-100 cm, in
agreement with Kwok et al., (2011).

3.3 Current
As a first step towards Arctic Ocean reanalysis several existent long-term model simulations
are exploited and evaluated. The participating models include:

-

Regional setup of MITgcm model ATL (Serra et al., 2010) in three different resolutions
from the Institute of Oceanography, University of Hamburg
Regional setup of MICOM model (Hátún et al., 2005) from the Nansen Environmental
and Remote Sensing Center.
Global
setup
of
MPIOM
model
(project
STORM
https://verc.enes.org/community/projects/national-projects/germanprojects/storm/) from the Max Planck Institute for Meteorology.
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Figure 19. Mean SSH for the period 1970-2007 and Dynamical Ocean Topography estimate for 20042008 (Kwok et al., (2011). Note that the mean values of models and data are different

Surface ocean circulation: There are no direct measurements of the large scale surface
ocean circulation in the Arctic Ocean, apart from large scale sea ice drift detected from ice
buoys and satellite observations, and until recently there were no estimates of dynamical
ocean topography for this region due to sea ice coverage and lack of detailed quantitative
knowledge of the geoid. For this purpose Polar Pathfinder Daily 25 km EASE-Grid Sea Ice
Motion Vectors data set (Fowler, 2003) is used; this combines satellite and buoy data and
cover period from 1978 to 2006. Comparison of the simulated mean 1978-2006 surface
currents with mean sea ice transport from satellite data for the same period shows that two
main features of surface circulation of the Arctic Ocean - Beaufort Gyre and Transpolar Drift
are relatively well represented in the simulations. All three runs locates the centre of the
Beaufort Gyre close to the Canadian Coast, which is in good agreement with satellite data, as
well as the Transpolar Drift from the East-Siberian and the Laptev Seas crossing the North
Pole to the Fram Strait.
Focusing on the ATL12 run, it is seen that the model captures interannual variability as the
recent trends in wind curl over the Amerasian Basin of the Arctic Ocean believed to cause
intensification of the Beaufourt Gyre. This leads to increase in Ekman pumping of the surface
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fresh water to the interior of the ocean (Giles et al., 2012). The model is able to capture the
corresponding intensification of the currents in Amerasian Basin (Figure 20).

Figure 20. Currents at 105-172 m depth from ATL12 model simulation. Left: mean for 1970-

2010, right: 2003-2010 anomaly relative to 1970-2010 mean.
During the same period Figure 21 shows decrease in salinity in the Amerasian Basin during
2003-2010, that is especially strong between 80 to 200 meters. This feature is also described
by the observations and well captured by the model.

Figure 21. Mean 2003-2010 salinity anomaly (left) relative to 1970-2010 mean over transect

across Amerasian Basin (map on the right).
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3.4 Surface wind speed and direction
Satellite wind field retrievals for the high latitude and Arctic regions from the last 15-20
years are potentially a very valuable source of information for looking for instance at the role
of extremes on seasonal-to-interannual scales. For validation, atmospheric fields include the
continuously updated (and commonly used) NCAR/NCEP reanalysis product (Kalnay et al.
1996). These and the wind data from CERSAT/IFREMER, are intended as forcing fields for the
oceanographic models. The CERSAT wind field with a resolution from 15 to 50 km is
monitored using scatterometers since 1991, whereas NCAR/NCEP has 2.5o resolution,
although for several decades. Seasonal cyclone variability, storm track pathways and
frequencies of extremes are assessed w.r.t to the location of sea ice edge, sea ice drift
patterns and ocean circulation, and used further to assess the consequence for C02 partial
pressure
A storm track algorithm based on satellite scatterometer datasets, dectecting all storm
events (including hurricanes, typhoons and high latitude storms). Figure 22 shows an
example of a 3-months period storm detection. The properties are the storm position, the
extension of the storm event, the storm center, the storm intensity and the maximum wind
speed.
Storms can also be detected through wave-induced parameter, allowing to follow the
trajectory of a storm and the corresponding values of the significant waves height values.
The selection of the trajectories (Ardhuin et al. 2011) where one point exceed a value (for
example 10 m in the 1998-2011 time series in Figure 23) highlights that storms can reach the
high latitude oceans, during the winter.

Figure 22. Storm trajectories detected through the StormWatch algorithm for the period from June
until September 2004
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Figure 23. Time series of modeled significant waves height over a trajectory when one point exceeds
10 m, 1998-2011 period, latitude higher than 50°.

3.5 Sea ice drift
Important sources for sea ice data include MyOcean and the EUMETSAT OSI SAF. The
observed sea ice parameters from satellites are primarily ice area, ice concentration and ice
drift. Ice buoys also provide drift data at scattered locations across the Arctic, while
moorings provide ice drift and thickness data in a few locations such as the Fram Strait. Ice
thickness data for the Arctic Basin are obtained primarily from submarine cruises and
scientific expeditions. Of particular relevance are the Russian expeditions, including the
North Pole Drifting stations, which provide thickness and drift data over six decades starting
in the 1930s. Additional data will be obtained from GLOBEICE and national archives,
including those available in Canada and the US. Sea ice model will be used to bridge gaps in
the incomplete ice data sets to produce 30-50 years time series

3.6 Sea ice extent, concentration
Sea ice extent (SIE) in models is compared with satellite data from Goddard Space Flight
Center (GSFC) NASA Team algorithm (Cavalieri et al., 1996). We consider period from 1979
to 2007 and region to the north of 65N. Sea ice extent is defined as sum of the area of all
gridpoints with sea ice concentrations greater than 15%. Seasonal cycle of the sea ice is well
captured by all models, with MICOM comess closest to the satellite observations.
In general models are good in reproducing inter-annual variability (Figure 24). ATL model runs
underestimates SIE, MPIOM overestimate it, while SIE values in MICOM are on average in
good agreement with observations. Further experimenting shows that differences in the
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deep ocean state practically do not have an effect on SIE, and it is determined mostly by
surface atmospheric forcing and resolution.

Figure 24. Inerannual variability of SIE for the period 1979-2007.

3.7 Sea ice thickness
Sea ice freeboard heights and dynamic topography of the Arctic Ocean observed from ICESat
altimetry 2003-2008 release 28 are available in grids of resolution 0.1°x0.2°. The sea ice
freeboard heights (Figure 25) show good correlation with backscatter values from QuikSCAT
scatterometer data (Skourup, 2010). The freeboard (f) to thickness (t) conversion (𝑡 =
(1 + 𝑅) ∗ 𝑓) is debated in many papers and is highly variable (R = 1-10) depending on sea ice
type, settings and snow conditions. Recent studies by Doble et al (2011) find a R-value of 33.5 for ICESat measurements. Thus, a key issue is to use the best conversion factor when
computing ice thickness from ICESat freeboard heights. DTU Space is, furthermore, involved
in the airborne measurements, which include overflights of ground teams working on the
sea ice and direct underflights of CryoSat-2 over the Arctic sea ice (Skourup et al, 2011).
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Figure 25. ICESat free board height from the periods October-November 2005 (left) and FebruaryMarch 2006 (right).

Annual mean sea ice freeboard averages over the Arctic are shown in Figure 26. Overall, a
decrease in the Arctic Ocean mean freeboard heights of approximately
‐ 15
10cm is
observed, since the beginning of the ICESat observations in 2003. These are realistic values
and can be explained by a combination of a decrease in the perennial sea ice extent together
with a general decrease in the ice thickness due to an increased heating of the atmosphere
and ocean.

Figure 26. Annual mean sea ice freeboard heights averaged over the Arctic, showing a downward
trend.

Ice thickness is one factor in determining ice flux. Combining with ice concentration and ice
area flux one obtains sea ice volume flux. In Figure 27 the ice flux has been computed along
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79o N for six specific ICESat campaigns lasting approximately one month each from where
good laser altimetry data are available. The result is comparable to Spreen et al., 2009,
although somewhat on the high side and with considerable interannual variability.
2.2

Sea ice volume flux, km3/day
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Figure 27. Sea ice volume flux [km3/day] southward across 79oN for six different ICESat
campaigns. The quantity is derived from thickness data from NASA, ice concentration from
passive microwave observations and area flux data from Kloster et al, (2009)

3.8 Sea surface temperature

Figure 28. Vertical potential temperature profile averaged for Eurasian Basin of the Arctic ocean for
winter (March, April, May) 1980-1989
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Both modelled and observed fields are considered. For comparison, the global Polar science
center Hydrographic Climatology (PHC) (Steel, 2001) has been used for general comparison
of modelled vs. observed water properties. The NISE data base (at NERSC) is also available
for further analysis. Vertical temperature profiles (Figure 28) show that all models, except
MICOM, reproduce intermediate Atlantic Water Layer (AWL, waters with temperatures
above 0°C). Thickness of the AWL and its temperature is overestimated in ATL runs and is in
good agreement in MPIOM run compared to PHC.
Mean temperature profile shows that ATL and MPIOM model runs are colder at the surface
compared to PHC and that there is essentially no mixed layer presented. The MICOM model
show well developed mixed layer with values close to the climatology. Ocean interior is
warmer than PHC climatology in ATL runs, colder in MICOM model and in almost perfect
agreement in MPIOM. Depth of the AW core in ATL06 and ATL12 runs is in the right position
and the core itself is well developed. Repeated integrations (ATL03_r and ATL06_r) have
lower temperatures above 1000 meters and higher temperatures below 1000 meters
compared with runs started from climatology.
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4. Changes in the marine carbon cycle
4.1 Surface ocean pCO2 and air-sea CO2 fluxes
To investigate the spatial distribution of pCO2 seasonal complex algorithms have been
developed so that pCO2 could be determined from physical and biological variables available
from models and satellites, one algorithm for winter (a) and one for summer (b) (Eq. 1a,b).
The resulting mapped fields of surface ocean pCO2 in the Barents Sea combined with
atmospheric pCO2 values from the Zeppelin station on Svalbard yield mapped fields of airsea CO2 flux in the Barents Sea for every month in 2007 (Figure 29) The Barents Sea is the
only region with sufficient spatial and temporal data coverage, and 2007 is the year in which
the full seasonal cycle in pCO2 may be captured. pCO2 data from R/V G.O.Sars in the
Norwegian and Barents seas have also been analyzed, showing significant seasonal
variability as expected at these latitudes (north of 55ºN), and there is also an expected
annual increase in surface ocean pCO2 in the years 2005-2007 due to an increasing
anthropogenic CO2 load in the atmosphere (see e.g. (Omar et al., 2003)).
(1a) fCO2 = 0.4028±0.0529*SST + 19.4061±0.3615*SSS + 0.0051±0.0009*mld - 329.416±12.361
(1b ) fCO2 = -1.0979±0.1856*SST + 0.1725±0.0043*mld – 6.0448±0.644*Chl + 310.043±1.648

As Fig. 1 shows, the calculated air-sea CO2 fluxes are generally too high in winter and also in
summer. The especially unrealistic fluxes for April and May could be due to these months
being transition months when the spring bloom is at its strongest in the Barents Sea. It is in
general more difficult to develop a working algorithm for periods of intense biological
activity than for pre- and post-bloom periods. In addition there are strong intra-monthly
changes during April and May.
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Figure 29. Monthly fields of air-sea CO2 flux in the Barents Sea for winter 2007. The colored dots
overlying the field show the observations in that given month. Top to bottom on the left hand side is
winter (Jan-Mar) and top to bottom on the right hand side is fall (Oct-Dec).

More information on these data can be found in the report D3.1.3, www.socat.info, or
contact the author, Siv K. Lauvset (siv.lauvset@gfi.uib.no). For details on the measurement
technique, refer to Pierrot et al. (2009). In addition, the Year1 Synthesis Report for
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Monarch-A contains good general information about how the marine carbon cycle is
measured and the data sets available for different variables.
In order to illustrate the air-sea fluxes of CO2 for the sub-Arctic and Arctic seas, we include
here a previous result from the model BCM-C (Figure 30), where the regional contributions of
different ocean basins to interior ocean transport of anthropogenic carbon and transport
across the air-sea interface over time have been quantified (Tjiputra et al, 2010b).

Figure 30. Accumulated fluxes of anthropogenic carbon Cant) from the atmosphere to the sea (blueline) and compared to horizontal fluxes (red-line) into different ocean regions during 1850–2099
period. Negative values indicate out of the region and vice versa. All fluxes are given in (PgC). Arrownumber pairs show accumulated transport fluxes of Cant between regions for the period 1850-2099.
Numbers inside parenthesis indicate the storage of Cant in the respective region at the end of
experiment period. (Source: Tjiputra et al., 2010b)

This analysis confirms earlier studies that the Arctic Ocean is only a minor uptake area for
human produced CO2. Nevertheless, studies of the Arctic are essential, e.g. due to the fact
that the change of pH and carbonate saturation (“ocean acidification”) is most pronounced
in high latitude surface waters. A new revised spin-up of the standalone coupled physicalbiogeochemical ocean model MICOM-HAMOCC has been carried out, and towards the end
of the project new model hindcast for the past ca. 50 years is planned. For these runs, ocean
only models forced by atmospheric synoptic data and prescribed (observed) atmospheric
CO2 partial pressure will be used, as a fully coupled Earth system model will produce its own
weather and interannual variability, which is incompatible with the the real variations for
respective calendar years.
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3.2 pCO2 atmosphere
Atmospheric CO2 partial pressure [µatm] (or atmospheric CO2 volume mixing ratio [ppmv])
can be simulated with the ocean biogeochemical model versions used in MONARCH-A if
their atmospheric gas reservoir is kept as free floating. In most re-analyses, however, the
atmospheric CO2 partial pressure is prescribed according to observations. For prognostic
climate type ocean models short term variations such as seasonal changes and spatially
different seasonal amplitudes of atmospheric CO2 are of minor importance, due to the long
equilibration time for the surface ocean with atmospheric CO2 (ca. 200 days, Sarmiento and
Gruber, 2006) as well as due to the fast intra-hemispheric (few weeks) and inter-hemispheric
(1 year) tropospheric mixing times. For atmospheric inverse studies (not carried out within
MONARCH-A) short term spatiotemporal variability would be critically
important for assessing land-air and
ocean-air CO2 fluxes for the sake of e.g.
CO2 emission control.

Figure 31. Mauna Loa atmospheric CO2
record after Keeling et al. (2009).

State and variability: Today there is no steady-state in atmospheric CO2 concentrations as
seen by the strong increase that started in the early decades of the 19th century (e.g.
Etheridge et al., 1998; Neftel et al., 1994). During the past 650 kyr, CO2 varied within a limit
of 180-300 ppmv (Siegenthaler et al., 2005). High quality measurements exist since 1957/58
(Keeling et al., 2001, Figure 31). Since then the CO2 data data base has increased steadily,
also supplemented with aircraft measurements.
The annual mean CO2 is increasing monotonically over the entire instrumental CO2 record
and is attributed to the anthropogenic CO2 emissions (fossil fuel burning, cement
manufacturing, land use). The seasonal amplitude is a result of the “breathing” of the landbiosphere and that most land carbon reservoirs are located in the Northern hemisphere.
Interannual variability occurs due to short term climatic fluctuations (e.g., ENSO, NAO, SAM)
and variations in human produced CO2 emssions (e.g., recent financial crisis, Peters et al.,
2012).
State-of-the-art data product for atmospheric CO2 measurements is GLOBALVIEW of the U.S.
NOAA ESRL (http://www.esrl.noaa.gov/gmd/ccgg/globalview/CO2/CO2_intro.html). It is an
integration of available high quality measurements (stationary surface and tower sites,
moving ship and aircraft sites) into a consistent data base with best possible spatial
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coverage ; for more details see
http://www.esrl.noaa.gov/gmd/ccgg/globalview/gv_goals.html and Masarie and Tans (1995).
Highest quality atmospheric CO2 measurements can be obtained from
http://scrippsCO2.ucsd.edu/data/atmospheric_CO2.html. This data base (Keeling et al., 2001,
2005) covers the longest time series (including the Mauna Loa measurements) and a wide
latitudinal range (from Alert, NWT, Canada 82.3 N 62.3 W, to South Pole 90.0 S ) (Figure 31).
3.2.1

Ocean color

Based on satellite derived ocean color primary production rates and associated multi-year
trends are separately established for the ice-free pelagic area of the Arctic Basin and for
shelf seas. The inorganic carbon input due to blooms of coccolithophore E. huxleyi is also
assessed, using MODIS processed with the NIERSC dedicated algorithm and columnar
concentration of inorganic carbon is being assessed using the TOPAZ MLD data.

Trends of PP interannual variations ( monthly mean values) as obtained through application
of the Behrenfeld (1997, 2005) models/algorithms to SeaWiFS data processed with the
NASA GSM code were plotted for the time period 1998-2010 are nearly zero indicating
either no or very insignificant dynamics. However, when the cloudiness effect is properly
taken into account, some positive trend is seen over the decade of satellite observations
(Figure 32), consistently between all three algorithms.

Figure 32. Annually averaged Primary Production (TgC/year) versus time (years)
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3.3 Inorganic carbon production.
Satellite-based (Level 3 MODIS data)assessments of inorganic carbon production by E.
huxleyi in the Arctic Ocean have also been performed during 2002-2010, indicating that it
was generally declining as a result of a declining bloom intensity and spatial extent. Jointly,
SST and PAR within the bloom areas showed a decreasing tendency. Furthermore, a
declining North Atlantic Oscillation suggests that the established decline in inorganic carbon
production due to E. huxleyi blooms is mostly controlled by the decrease in advection of E.
huxleyi seeds from the European marine areas lying to the south of the Polar Circle. It is
known that the seeding process is important for the beginning of a rapid and extensive
growth of this alga. Declining SST and PAR also contributed to a general decrease in
inorganic carbon production.
Figure 33 and Figure 34 shows the monthly dynamics in inorganic carbon production per m2,

respectively, in the Barents Sea and the entire Arctic, respectively, over 2002- 2010.

Figure 33. Monthly and interannual dynamics in inorganic carbon production per m2 in the

Barents Sea over 2002-2010.

Figure 34. Monthly and interannual dynamics in inorganic carbon production per m2 in the

entire Arctic over 2002-2010.
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5. Conclusion
A synthesis status of the data analysis and modelling work for the 11 MONARCH-A Essential
Climate Variables (ECVs) is provided. This forms a basis for informing the GMES core service
accordingly. The compilation of data sets and results after 2 years provides new and more accurate
characterization of the state and variability of river discharge, snow cover and snow water equivalent,
permafrost extent and seasonal variability of frozen ground; sea level and Greenland ice sheet mass
loss, ocean currents and sea ice drift as well as ocean mass and heat transport, CO2 partial pressure,
and near surface wind field.
From these results, trends in several parameters are already emmanent, at least for the last 10-30
years, but forthcoming synthesis will address trends and variability more in-depth in order to
establish a more comprehensive quantitative understanding of the climate changes in the high
latitude and Arctic region over the last 50-60 years, including
-

New and better quantification of mutual forcing and feedback mechanisms of the high
latitude and Arctic climate system
New knowledge and support to the attribution of the causes of high latitude climate change;
interannual-to-decadal high latitude climate prediction; understanding of the connections
between global and regional climate change.

-

In particular the data sets and reanalyses include:
(Land:)
-

Comparison of several state-of-the-art land surface models of land cover and fires with
comprehensive data sets and modifications to better represent observed data properties
Comparison of several state-of-the-art land surface models of snow water equivalent and
river discharge versus comprehensive data sets and introduction of a simple delay model to
give better agreement with monthly runoff
New estimates of discharges from major Arctic rivers using a combination of altimetric
observations of water level and historical in situ data on river discharge, also including lake
levels
22 years of satellite derived snow extent and start and end dates of snow cover; new in situ
observations of snow properties (depth, density etc) to enable calculation of satellite-derived
snow water equivalent fields
A reference permafrost map
A 16 years time series of altimetry based Greenland Ice Sheet elevations to be compared with
recent gravimetry based data sets

(Ocean:)
- Sea level estimates from evaluated ocean multi-model reanalyses, as well as reconstructions
back to 1950 based on combining hydrography, altimetry and tidal gauge measurements
- Ocean currents based on model simulation from several models that have been evaluated

D4.1 Synthesis report y2

Page: 41/51

MONARCH-A
MONitoring and Assessing Regional Climate change in
High latitudes and the Arctic
Grant agreement n° 242446

Ref: D4.2-y2
Date: 27/03/2012
Issue: 3

- Satellite wind field retrievals from the last 15-20 years validated against reanalysis products
- Sea ice drift from sea ice models in combination with satellite and in situ buoys and drift
station measurements over the last 30-50 years
- Sea ice extent estimates from evaluated ocean multi-model reanalyses, as well as remote
sensing data
- Sea ice thickness. Ice freeboard measurements from ICEsat, QuickScat and preliminary
CryoSat-2 have been compared
- Sea surface temperature distribution from evaluated models and public domain data bases
(Marine carbon cycle:)
- Ocean surface pCO2: A comprehensive data base on sea surface CO2 partial pressure and
related carbonate system parameters, together with recent ship observations of
atmospheric pCO2 has been provided.
- A complete ocean carbon system model data set for the pre-industrial ocean was established
through a spin-up of the ocean only coupled physical-biogeochemical ocean model MICOMHAMOCC. This run provides the basis for hindcats using prescribed atmospheric CO2 and
synoptic atmospheric forcing from re-analyses for the past 50 years.
- Ocean color and primary productivity estimates for the Arctic Ocean based on remotely
sensed data. Differentiated between coastal and open areas and using respectively
extended algorithms. Separate estimate for production of particulate inorganic carbon (or
calcium carbonate CaCO3).

6. Appendix
Data sources
ECV

Algorithms and
Models

Derived
information
product

Satellite

In-situ

Complement

Vegetation
cover

Optical,
active
microwaves

Limited and
spotty

GLOBCOVER, G-2,
GLC-2000, MODIS
products including
VCF

SDGVM, BCM,
NorESM, Orchidee,
JULES

Fraction of Plant
Functional Type per
model grid-cell

Fire

Optical and
infrared

Limited and
spotty

MODIS Collection 5,
GBA-2000,
GLOBCARBON,
MODIS FRP, SEVIRI
FRP

SDGVM, BCM,
NorESM, Orchidee,
JULES

Burnt area and
carbon emissions

River
discharges

Radar
altimeters

Flow gauges Global Runoff
Data Centre

Discharge from
water level
estimates

Contribution to
freshwater runoff

Snow cover

Passive and
active
microwaves

Spotty station
observations of
snow cover
and depth

Snow depth
retrieval algorithm;
conversion to snow
water equivalent

Contribution to
freshwater runoff,
Impact on albedo,
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Data sources
ECV

Permafrost

Ice sheets
and glaciers

Satellite

In-situ

G-2

Passive and
active
microwaves,

Selected
repeat ground
profiling

Database of aircraft
altimeter
observations along
selected profiles

Tide gauges,

MYOCEAN, GLOSS,
PSMSL,
SALTO/DUACS

GECCO

NISE data base

GIA models

GECCO, MICOM,
BCM, NorESM

Heat and volume
transports

HAMOCC coupled
to MICOM

Primary production
of POC (particulate
organic carbon) and
possibly PIOC
(particulate
inorganic carbon)
and its influence on
CO2 fluxes

MYOCEAN

GECCO

GLOBEICE

MICOM

Transport across
straights.
Contribution to
freshwater

Altimetry,

Ocean color

GLOBECOVER

Altimetry for
geostrophic
current,

Very limited
north of 65
degrees N

MYOCEAN

Imaging
spectrometer
s

Limited data
on marine
biology
primary
production;
nearly no data
on export
production;

MYOCEAN

drifters, moorings

GLOBCOLOR, CZCS,
SeaWIFS, MODIS,
MERIS

Permafrost-soilsnow-atmosphere
module

Derived
information
product

Rare and
spotty

hydrography,
GNSS

Current

Algorithms and
Models

Passive and
active
microwaves

GRACE

Sea level

Complement
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Permafrost maps

,Mass balance
change;
Contribution to sea
level and freshwater
runoff

BCM, NorESM

High latitude and
Arctic Ocean
regional sea level
variations

selected data
on water
column
biogeochemist
ry (carbon,
alkalinity,
nutrients,
oxygen) exist
Sea ice drift

Passive and
active
microwaves
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In-situ

Complement
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Algorithms and
Models

Derived
information
product

BCM, NorESM

Surface wind
speeds and
direction

Passive
microwaves,
scatteromete
r

Ice buoys,
coastal
stations

Not possible
direct, wind
speed from
satellites
used

Partial
pressure CO2
atmosphere

Aeroplane
and possibly
satellite
measuremen
ts

Sea ice
extent,
concentration
,

Passive and
active
microwaves,

Partial
pressure CO2
ocean

CERSAT

GECCO, MICOM,

Wind climatology,
storm tracks, surface
stress, curl

ECMWF

BCM,

NCEP

NorESM

Very limited
data, from
research vessel
and VOS

SOCAT (surface
ocean), CARINA
(3D), CARBOOCEAN

HAMOCC coupled
to MICOM

Air-sea CO2 fluxes,
acidification

Flask
measurements
and continuous
measurements

NOAA, SIO, CSIRO,

HAMOCC slab
atmosphere

CO2 and its impact
on radiation

MYOCEAN

GECCO, MICOM,

OSI-SAF

BCM, NorESM

Regional high
latitude sea ice
climatology, impact
on albedo

EPOCA

GOSAT (2009)

CM-SAF
GLOBICE

Sea ice
thickness

Sea surface
temperature

Radar and
laser
altimetry

Spotty station
observations

MYOCEAN

GECCO, MICOM,
BCM, NorESM

Passive
microwaves,
IR,

XBT lines, VOS

MYOCEAN GHRSST,

GECCO, MICOM,
BCM, NorESM

OSI-SAF, CM-SAF

High latitude and
Arctic SST fields in
consistence with sea
ice extent and heat
fluxes

Table 1: Essential Climate Variables, their observation type, specific data source and derived
products (white rows). The ECVs in the yellow rows will be formed by synthesizing available
datasets and casting them into forms suitable for exploitation by models. The ECVs in the
brown rows will be pulled from existing archives, but not refined.
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