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SUMMARY
This report is principally concerned with establishing statistical relations between different ECV
datasets and land surface models that relate to the high-latitude land water balance. There is also
limited discussion of the relations between the water and carbon cycle, but a fuller discussion of the
statistical links between model calculations and ECVs is given in D1.4.3 “Integrated fire products for
carbon and climate modelling”; this structure turned out to make more sense as the work developed.
The individual components of the water balance, viz. precipitation, runoff, evapotranspiration and
storage (as Snow Water Equivalent) are all examined.
Significant differences were found between the precipitation datasets used by different models, and
these had a strong impact on calculations, particularly of runoff.
For all basins, SDGVM and give reasonably good correlations with runoff data, with mainly good
estimates of absolute value by SDGVM (overestimates for the Volga and the Lena), while ORCHIDEE
consistently overestimates the data, probably because of overestimates in the precipitation driving
data. For LPJ-WhyMe and JULES, the basins seem to fall into two classes, one of which giving good
correlation and roughly correct magnitudes, the other giving quite good correlation but either a
systematic offset, or a regression coefficient) is significantly different from 1. This suggests that some
characteristic of the basins are not being captured by the latter two models.
The timings of the snow season in the EO and model estimates of SWE were found to match well. The
modelled SWE for all basins except the Fraser is reasonably well correlated with GlobSnow and has
similar magnitudes. Compared to GlobSnow, the Fraser SWE is greatly overestimated by SDGVM,
ORCHIDEE and LPJ-WhyMe, and to a lesser extent for JULES. In contrast, all models tend to give higher
values of SWE than the LEGOS data, especially for the Fraser, and the correlation between the models
and the data is very weak for all models, particularly ORCHIDEE and JULES, where it is effectively zero.
All models show a peak runoff related to snow-melt that occurs earlier than is seen in the data, but this
could be corrected and a much better match to data was found by introducing an average speed of
travel for melt-water along the river.
A large Eurasian multi-year monthly database of in situ snow data along transects was used to test both
model and EO estimates of SWE. GlobSnow shows good correlation with these data and gives similar
magnitudes, with no clear spatial patterns of under- or overestimation. SDGVM also shows quite good
correlation, but with a wider range of regression coefficients, and tends to overestimate greatly in
Eastern Europe and underestimate elsewhere, with sporadic large overestimates. LEGOS in general
gives poor correlations and consistently underestimates the data.
An approach that uses the SWE data to optimise the snow module in one of the DVMs has been
developed but currently is not providing useful results. Work is continuing to establish whether this is
an intrinsic problem or is an error in the optimisation approach.
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1 Introduction
The fluxes of water into and out of the land surface are observable quantities at global scales through
measurements of precipitation from meteorological stations and Earth Observation (EO) products,
and measurements of runoff from river discharge gauges; these are entirely independent data
sources that carry different uncertainties. The difference between the input and output fluxes
depends on hydrological processes which manifest themselves as runoff, changes in storage in snow
and soil, and evaporative fluxes of transpiration, sublimation, canopy evaporation and soil
evaporation. Snow water equivalent (SWE) is observable at the global scale whilst water storage and
the evaporative fluxes are not so readily available. These unobserved quantities, as well as the
observed runoff, can be modelled through a DVM (Dynamic Vegetation Model) using observed
precipitation as one of its drivers. This provides a means to complete the water balance, and thus
connect the observed input to the observed output. The full water balance, through a combination of
observations and modelling, can thus be utilised in two fundamentally different ways:
1. Observations can be used to validate and improve models.
2. Models can be used to test the consistency of observations.

2 Data
2.1 Observed Data
In this report we utilise four types of observational data that constrain the hydrological cycle.
a)
Precipitation derived from meteorological stations.
b)
River discharge measured by gauges at major river mouths.
c)
In situ observations of snow water equivalent & density (transect data).
d)
EO estimates of snow water equivalent.
These data-sets have a mixture of spatial and temporal scales and ranges, and taken as a whole
provide a great deal of information about the behaviour of the hydrological cycle.
Dynamic Vegetation Models (DVMs) are driven, inter alia, by precipitation compiled from
meteorological station measurements, and, through processes that simulate transpiration,
evaporation, sublimation and drainage, produce a complete description of the hydrology: fluxes of
transpiration, evaporation, sublimation and runoff together with storage in soil moisture and snow.
The datasets b), c) and d) can be used in a variety of ways to assess the accuracy of hydrological
outputs from DVMs in terms of both annual magnitudes and sub-annual timings.
In situ SWE data can be used in several ways:
1) Directly, to compare with EO products and model outputs.
2) As a training dataset with which to determine model parameters.
3) As a means to provide information on sublimation, through examination of short term
differences in SWE within periods of no snowfall.
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Hydrological Input: Precipitation

Gridded global climatological databases are derived from meteorological station data, EO products,
or a combination of the two. The CRU 3.0 dataset (Mitchell 2005) provides monthly averages of
temperature, precipitation, humidity and cloud cover. This is a global land surface database at ½o
resolution from 1901 to 2006; for this study an aggregated 1o version was used. The gridded dataset
is derived from an archive of monthly mean data provided by more than 4000 weather stations
distributed around the world.
Our region of interest, the pan-arctic, contains remote areas which have a limited number of weather
stations. Using the sphere of influence data provided within the CRU dataset, the extent of this
remoteness is illustrated in Figure 1. The sphere of influence is the Correlation Decay Distance (450
km for precipitation and 1200 km for mean temperature), and indicates the number of stations that
can be effectively used for climate variable estimation. For temperature, at least 10 stations can
influence each site, but for precipitation there are significant areas with only one or two stations
(although all sites lie within the sphere of influence of at least one station). Far more stations are
present for temperature, partly due to the larger sphere of influence of temperature. So we would
expect temperature to be more accurately represented by data of this nature. Surprisingly, far fewer
stations are present in the final decade 1997-2006 than in the 40s or 80s.
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Figure 1: Number of CRU meteorological stations within spheres of influence for precipitation and
temperature.
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Hydrological Output: Runoff Data

Two well-known sources of river discharge (runoff) data are ArcticRIMS (Arctic Regional Integrated
Hydrological Monitoring System) and the GRDC (Global Runoff Data Center). Monthly data for both
of these datasets were acquired and compared. Figure 2 shows comparisons for the Ob, Lena and
Yenesey river basins, three of the largest basins in Eurasia. The only significant differences in the
datasets are for the Ob in 1982-1989, where ArcticRIMS shows a slightly higher peak discharge than
GRDC. By the nature of the measurement, one would expect these data to be equivalent whatever
the source so the minor differences in the Ob are interesting but not important for this study.
Because GRDC had easier access to Canadian basins we use only these data in this report.

Figure 2: Runoff data from Arctic Rims and GRDC (mm month-1).

2.1.3

EO Snow Water Equivalent

Two estimates of SWE derived from EO data were used: GlobSnow and LEGOS.
GlobSnow is a combination of satellite-based radiometer data, in situ measurements and a radiative
transfer model incorporating snow surface reflectance properties. SWE from the GlobSnow product
version 1.3 was used [Loujus et al., 2010a], which covers the period from 1979 to 2010. The
GlobSnow algorithm uses data from three satellite sensors: Nimbus-7 SMMR (1979-1996), DMSP
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SSM/I (1987 - 2002) and Aqua AMSR-E (for 2002-2010). Data from the Russian meteorological
network are also used in the algorithm. GlobSnow is given monthly on the Equal-Area Scalable Earth
Grid (EASE-Grid), which was converted to a regular 1° grid.
The LEGOS SWE dataset is based purely on measurements from the passive microwave SSM/I
(Special Sensor Microwave/Imager) instrument on board the DMSP (Defense Meteorological Satellite
Program) series in operation since 1987. These radiometers, with incidence angle from 50.20 to 52.8o,
provide measurements of brightness temperature at different frequencies and at vertical and
horizontal polarizations. Data from the 19 and 37 GHz channels at horizontal polarization were used
for this analysis. The National Snow and Ice Data Center (NSIDC, www.nsidc.org) provides the SSM/I
data mapped to the Equal Area (625 km2 resolution) SSM/I Earth Grid (EASE-Grid) projection. This
data has been up-scaled by simple averaging to a 1o grid. To minimize the effects of ice and snow
melting, only night-time brightness temperatures were used and the data were averaged to obtain
pentad (5-day) mean values in order to get continuous spatial coverage.
The LEGOS SWE retrievals are based on a dynamic algorithm [Mognard et al., 2002] that calculates
the snow depth from the spectral gradient of SSM/I brightness temperatures. To obtain the SWE the
mean pentad value (1987-2008) of snow density from ISBA-ES simulations for each EASE-Grid were
used to make the conversion between snow depth and SWE. LEGOS SWE is given in pentads on an
EASE-Grid which was again converted to a monthly regular 1° grid.
2.1.4

In situ observations

We make use of in situ observations derived over the past decades from 1345 meteorological stations
in the hydrometeorological survey network of the Former Soviet Union (FSU) [Krenke, 2004] located
between 35° N and 80° N.
In addition to single-point time series of snow depth at the meteorological stations, some stations
provide data on snow depth and snow density along transects, in which measurements are made
every several tens of meters. These transects can be up to several kilometres long and they cross
representative landscapes (open field/forest or both) to account for differences in snow accumulation.
If field and forest are represented, the station provides information separately on the two types of
land cover. All collected data (about 100-200 snow depth point measurements and about 20
measuring points of integrated snow density along the transect) are averaged and provided as single
mean values of snow depth and SWE for a given date. The observations have varying sampling
periods but mostly are taken every 5 to 10 days, starting in October and finishing at the beginning of
the melt period.

2.2 Dynamic Vegetation Models
Model outputs from four DVMs are used in this report: SDGVM [Woodward et al., 1995], LPJ-WhyMe
[Wania et al., 2009], JULES [Best et al., 2011] and ORCHIDEE [Krinner et al., 2005]. The models were
run using their default drivers and site parameters, as specified by the modelling groups. These are

D1.1.5_final

Page: 13/44

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

Ref: D.1.1.5
Date: 29/04/2013
Issue: 0.1

the driving data and parameters for which, overall, the models have been found to work best, and
we have carried out no tuning to give better agreement with our observations.
SDGVM, JULES and LPJ-WhyMe were run at Sheffield, while results for ORCHIDEE were provided by
Tao Wang, a PhD student from IPSL/LSCE working on snow model development for ORCHIDEE.
The models are driven by global gridded databases of climatology, including precipitation and
temperature, which are the main drivers of hydrology. SDGVM and LPJ-WhyMe both use CRU
(Climate Research Unit) monthly climatology 1901-2006, JULES uses the WATCH 6 hourly climatology
(1901-2001) and ORCHIDEE uses the ERA-Interim monthly climatology (1998-2009).

3 Carbon Balance
Water and carbon are both strongly linked to vegetation and soil processes, so hydrology plays a
major role in determining the carbon balance in Dynamic Vegetation Models (DVMs). In northern
regions the existence, magnitude and timings of the snow pack are critical factors involved in
accurately modelling the hydrological cycle and thus plant productivity, through processes related to
albedo, soil insulation, and the temporary increase in soil moisture storage capacity proffered by the
snow pack.

3.1 The Effect of Snow on Carbon Balance
The timing and evolution of the snow pack has a direct effect on soil moisture. The presence of snow
effectively increases the soil moisture storage capacity. This, albeit temporary, increase in storage
can lead to more favourable timings of the delivery of moisture to the soil with regard to carbon
production: storage in times of low productivity and release of the stored water at the start of the
growing season. Potentially this may increase the carbon assimilation of vegetation, leading to
increased transpiration and decreased runoff. Figure 3 shows the changes in Net Primary Production
(NPP) when the process of snow creation is turned off in a carbon model (SDGVM) for the pan-Arctic
region. Under normal conditions, the modelled average annual NPP for this region is 10.3 Gt yr-1, but
this is reduced by 9% when the ability to create snow is removed from the model.
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Figure 3: Average SDGVM (no snow) NPP - SDGVM NPP 1987-2006, (g C m-2 year-1).
As well as hydrological effects, snow can also affect vegetation through its albedo and insulation of
the soil. These processes are not modelled in the SDGVM. The snowpack also greatly affects the subannual profile of runoff, an observation which can be used to test the processes within carbon
models.
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4 Comparisons of Observed and Modelled Snow Water
Equivalent
Two DVMs were used to provide outputs of SWE: SDGVM and ORCHIDEE. In the models, snowfall
requires precipitation to occur when the air temperature is below 0°C, and snow-melt takes place
when air temperatures are above 0°C. A weather generator, internal to each model, is used to
convert from the time step of the driving climatology to the model time step. Processes of
sublimation and the rate of snow-melt, which depend on temperature and humidity, determine the
evolution of the snow pack.
Figure 4 to Figure 7 compare the average monthly values of SWE for February, April, June and
September, respectively, for the two models and the GlobSnow and LEGOS observational datasets.
The model values of SWE are in good agreement, showing similar patterns and magnitudes at
monthly scales. Where striking differences occur, notably in Alaska and Quebec\Labrador, most can
be traced to the precipitation drivers. Both GlobSnow and LEGOS are in broad agreement with
modelled SWE with regard to timings, and GlobSnow is also in good agreement with the modelled
SWE magnitude, but LEGOS consistently underestimates SWE magnitude. Currently we think this is
probably due to saturation of the product.
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Figure 4: February SWE (mm) for GlobSnow, LEGOS, SDGVM and ORCHIDEE.

Figure 5: April SWE (mm) for GlobSnow, LEGOS, SDGVM and ORCHIDEE.
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Figure 6: June SWE (mm) for GlobSnow, LEGOS, SDGVM and ORCHIDEE.

Figure 7: October SWE (mm) for GlobSnow, LEGOS, SDGVM and ORCHIDEE.

D1.1.5_final

Page: 18/44

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

Ref: D.1.1.5
Date: 29/04/2013
Issue: 0.1

5 River Basin Hydrology
To utilize observed runoff data we must consider the full water balance at the basin level, which can
be written as:
Precipitation – EVT – runoff – storage = 0
In this equation, storage can be in the soil or in snow (i.e. as SWE), both of which can change the
phasing between precipitation and river discharge. Hence, as well as runoff, we consider model
outputs of snow water equivalent (SWE) and evapotranspiration (EVT) from four DVMs using their
default drivers: JULES, LPJ-WhyMe, ORCHIDEE and SDGVM for the pan-Arctic region (> 50o North). As
well as comparisons between the models, observational data are used to assess model performance.
In order to assess modelled runoff, monthly runoff data provided by the Global Runoff Data Centre
(GRDC) are utilised. To assess the modelled SWE, two independent EO datasets were utilised: the
LEGOS SWE data set and GlobSnow, which is a combination of EO, ground data and a radiative
transfer model. Comparisons are made at monthly and yearly timescales.
Four of the largest northern basins flowing into the Arctic Ocean were considered (the Mackenzie,
Yenisey, Lena and Ob), along with the Fraser and Volga, which flow North to South.

Figure 8: Northern river basins.
Figure 9-Figure 14 show plots of monthly and yearly precipitation, SWE, EVT and runoff. The yearly
plots show data for 1984-2005 to give a broad view, while the monthly plots show 1997-2002.
Plots are given for the following.
Precipitation: WATCH, ORCHIDEE (ERA-Interim data (ECMWF) used to drive ORCHIDEE), CRU
(used to drive SDGVM and LPJ-WhyMe), GPCC (Global Precipitation Climatology Centre, an
alternative precipitation database derived from met station data)
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SWE: JULES, LPJ-WhyMe, ORCHIDEE, SDGVM, LEGOS, GlobSnow.
EVT: JULES, ORCHIDEE, SDGVM.
Currently the water balance in LPJ-WhyMe is not closed; as a consequence, the exact EVT is
not well defined and so is not included in the EVT plots.
Runoff: JULES, LPJ-WhyMe ORCHIDEE, SDGVM, GRDC.

Precipitation
All four sources of precipitation show very similar patterns for both monthly and yearly data. The ERA
data driving ORCHIDEE has a consistently higher magnitude than the others, which comes from larger
values of summer rain. This enhanced precipitation does not produce consistent effects, as
demonstrated by the calculations for the Ob (Figure 9) and the Lena (Figure 12).
For the Ob basin, the ORCHIDEE driving precipitation (ERA) is approximately 100 mm per year higher
than the other sources, which is approximately equal to the additional runoff produced by the
ORCHIDEE model as compared with the other modelled and observed runoff. This gives a clear
indication that the ERA driving data overestimates precipitation in the Ob basin.
For the Lena, the ORCHIDEE driving precipitation (ERA) is again approximately 100 mm per year
higher that the other sources, which are in very good agreement. As expected, this leads ORCHIDEE
to produce runoff values that are significantly higher than the other models. However, the observed
runoff lies between that calculated by ORCHIDEE and the other models, and in fact is closer to
ORCHIDEE. Hence in this case the inconsistencies in the precipitation data cannot be easily resolved
using observed runoff data.

Snow Water Equivalent
The snow timings are in very good agreement between all models and observations, other than for
the Fraser basin, where the modelled snow start dates tend to be slightly ahead of LEGOS and behind
GlobSnow. Estimates of SWE magnitudes also vary wildly in the Fraser; this cannot be explained by
precipitation differences, and are likely to be due to the temperature drivers. The main driver for
snow timings is temperature, which is inherently a more accurate driver than precipitation, whether
derived from met stations or EO. Even so, the agreement in timings is surprisingly good, particularly
for the end of the snow season, which is dependent on a variety of processes responsible for the
evolution of the snow pack.
There are no obvious overall trends in the magnitudes or patterns of average yearly SWE in models
or observed data. LPJ-WhyMe and SDGVM show remarkable agreement in the Volga, Lena and
Yenisey basins, but for these basins give values higher than those from the other models and
observations (by a factor 2 in the case of the Volga basin).
The LEGOS data are generally lower than those from GlobSnow, apart from the Volga, where they
are similar, and the Fraser, where LEGOS values are significantly higher and more consistent with
modelled SWE. The modelled SWE for the Fraser has a very wide spread, and for all models has much
higher values than GlobSnow. The LEGOS values are also higher than GlobSnow in this basin.
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Evapotranspiration
SDGVM and ORCHIDEE agree very well in all basins, with ORCHIDEE being slightly higher than SDGVM;
this would be expected given the higher precipitation in the ERA climate data driving ORCHIDEE.
JULES EVT is significantly greater than SDGVM and ORCHIDEE for all basins, which leads to
underestimates of observed runoff, apart from the Volga, where JULES (and LPJ-WhyMe) provides
significantly better estimates of runoff than SDGVM and ORCHIDEE.

Runoff
As noted above, the higher precipitation values used by ORCHIDEE cause it to give larger runoff than
the other models. For the other models, there is no consistent ordering in the magnitude of the
annual runoff and, with the exception of the Ob, there tends to be a fairly wide spread in each basin,
mainly due to differences in precipitation drivers. Inter-annual variability is similar for all the models,
and in most cases is fairly well correlated with GRDC values.
Modelled monthly runoff for SDGVM, ORCHIDEE and LPJ-WhyMe shows much higher and earlier
peaks than JULES and the observations. As the modelled & observed snow melt dates are in
agreement, this is likely caused by the fact that the time taken for runoff to reach the river mouth
from each model grid cell was not modelled. The reason why JULES does better in this regard is not
clear, since it suffers from the same defect. Note that the modelled runoff is zero in winter, but there
is clearly a non-negligible flow observed at the river mouth, particularly in the Yenesey, Volga and
Fraser.

Water Balance
Analysis of the full water balance varies with model and basin and is complicated, so clear overall
conclusions have not yet been fully formulated. However, the ORCHIDEE model shows systematic
differences from the other models and the observations: it uses the ERA precipitation, which is
consistently higher than for the other meteorological sources, and the predicted runoff is
consistently higher than observed runoff. If we assume that the observed runoff is roughly correct,
then the simplest explanation for the discrepancy is that the ERA precipitation is generally
overestimated and the majority of this additional precipitation flows through the system and
manifests itself as additional runoff. If this were the case we would expect to see a higher EVT than
for the models being driven by less precipitation. There is clear evidence of this, albeit only a small
increase in EVT, most clearly seen in the yearly plots. An alternative explanation is that ORCHIDEE
underestimates EVT, resulting in overestimation of runoff. This seems unlikely as the
underestimation would have to be as much as 30% to account for the runoff discrepancy.

D1.1.5_final

Page: 21/44

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

Ref: D.1.1.5
Date: 29/04/2013
Issue: 0.1

Figure 9: Water balance for the Ob basin.
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Figure 10: Water balance for the Yenesey basin.
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Figure 11: Water balance for the Volga basin.

D1.1.5_final

Page: 24/44

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

Ref: D.1.1.5
Date: 29/04/2013
Issue: 0.1

Figure 12: Water balance for the Lena basin.
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Figure 13: Water balance for the Mackenzie basin.
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Figure 14: Water balance for the Fraser basin.
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Figure 15 shows scatter plots of model vs observed annual runoff, with points for each basin
distinguished. The basins cover a wide range of runoff, from 100 mm yr-1 in the Ob to 560 mm yr-1 in
the Fraser. SDGVM gives a reasonably good correlation around the 1:1 line, with overestimates for
the Volga and the Lena. ORCHIDEE gives a reasonably good correlation but lies above the 1:1 line,
which is probably due to overestimates in the precipitation driving data. For LPJ-WhyMe and JULES,
the basins seem to fall into two classes, in one of which there is close agreement along the 1:1 line
(for LPJ-WhyMe, this contains the Ob and Volga, while for JULES it contains the Ob, Volga and
Mackenzie), while in the other class there is quite good correlation but either a systematic offset, as
is the case for LPJ-WhyMe and the Mackenzie, Lena, Yenisey and Fraser basins, or the regression
coefficient (the slope) is significantly different from 1, as occurs for JULES and the Lena, Yenisey and
Fraser basins. This indicates that some characteristic of the basin is not being captured by these
models. Such groupings of basins are not apparent for SDGVM and ORCHIDEE.
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Figure 15: Scatter plots of Model vs GRDC annual runoff (mm) with basins differentiated by colour.
In Figure 16 the data used to produce Figure 15 is plotted per basin to highlight the differences
between models for each basin. Leaving aside the Volga for the moment, all models give reasonable
correlations with the GRDC runoff data for all basins but no model gives the best comparisons as
regards absolute magnitude. ORCHIDEE produces overestimates for all basins. JULES and LPJ-WM
give values that lie along the 1:1 line or below it (i.e., they give fairly accurate values or
underestimate the runoff). For SDGVM there is no such consistent trend, with overestimates in some
basins and underestimates or good agreement in others. SDGVM also tends to give values that
exceed those from JULES and LPJ-WM and lie below those from ORCHIDEE. For the Volga, the
correlations are poorer and all models except JULES tend to overestimate the runoff.
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Figure 16: Scatter plots of Model vs GRDC annual runoff (mm) for each basin.
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Figure 17 shows scatter plots of model vs GlobSnow average February SWE for 1997-2006, apart
from JULES where we only have outputs up to 2001. February was chosen as it is normally the month
of maximum SWE and so should best highlight similarities and differences. A single month was used
instead of the average over the year or snow season to eliminate the differences in timings. The
Fraser SWE is greatly overestimated by SDGVM, ORCHIDEE and LPJ-WhyMe, and to a lesser extent
for JULES. In contrast, the modelled SWE for the remaining five basins has a reasonably good
correlation with GlobSnow with similar magnitudes.

Figure 17: Scatter plots of Model vs GlobSnow SWE in February (mm) with basins differentiated by
colour.
Figure 18 shows the corresponding scatter plots for LEGOS. All models tend to give higher values of
SWE than the data, especially for the Fraser, but even ignoring the Fraser data, the correlation
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between the models and the data is very weak for all models, particularly ORCHIDEE and JULES,
where it is effectively zero.

Figure 18: Scatter plots of Model vs LEGOS SWE in February (mm) with basins differentiated by colour.
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5.1 Adjusted Water Transport
A problem with the runoff seen in Figure 9 to Figure 14 is that the observed and modelled quantities
are not equivalent, as it takes time for the runoff from each grid-cell to reach the river mouth where
the observation is taken. For large basins, this lag may be weeks or even months for grid-cells far
from the river mouth. This is unlikely to have much effect on the yearly plots as the majority of runoff
occurs in summer, which is in the middle of our yearly window, but could significantly affect the
monthly plots.
To take account of the lag, a simple off-line water transport model was applied to the SDGVM runoff
data. The model is based on the assumption that, for each grid-cell, water is transported to the river
mouth at a constant speed along the shortest path. The speed was chosen to best fit the data, and
was found to be 0.2 m s-1 (17 km day-1) for the Ob.

Figure 19: SDGVM & GRDC monthly runoff for the Ob.
The SDGVM runoff and runoff for the Ob are given in Figure 19. There are three clear differences
between the modelled and observed data:
1. The peak in the observed runoff consistently lags behind the model peak;
2. The modelled peak runoff is consistently larger than the observed peak;
3. The modelled runoff is zero in winter whereas the runoff is small but not negligible in winter.
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Figure 20: SDGVM runoff, standard and adjusted, & GRDC runoff, for the Ob, monthly.
The resulting runoff after the application of the water transport model can be seen in Figure 20,
labelled as SDGVM*. The fit with observed runoff is much improved in all aspects, though the peaks
are still too high.
Figure 21 shows scatter plots of the modelled vs observed runoff for the total annual runoff. The
overestimate of modelled runoff is clear and is unaffected by the water transport model, but using
the transport model slightly improves the correlation. This improvement is due to some of the runoff
being accounted for in the following year, when timings of the start and end date of the water
transport cross our annual window, which is the start of the calendar year. As the duration of the
transport is mainly at most a month and there is low runoff in winter, these adjustments bring only
small improvements at the annual level.

R2=0.72

R2=0.82

Figure 21: Scatter plot of SDGVM annual runoff, standard and adjusted, vs GRDC annual runoff for
the Ob (mm yr-1).
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Monthly scatter plots of runoff vs runoff are given in Figure 22 for 21 years. Almost all months show
a much improved correlation for runoff using the water transport model. The month of May is
particularly noticeable, where there is a strong negative correlation for the standard model and a
strong positive correlation using the water transport model. This is the month of peak runoff for the
standard model.
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Figure 22: Scatter plot of SDGVM runoff, standard and adjusted, vs GRDC runoff for the Ob (mm
month-1).
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6 In Situ Data
6.1 Comparison between Snow Water Equivalent obtained from transect
data and GlobSnow, LEGOS and SDGVM
Three SWE datasets, two from EO observations (GlobSnow & LEGOS) and one from the SDGVM
model, were compared with in situ observations from 1345 meteorological stations.
Transect data are given with a temporal resolution of up to 3 samples a month. When more than one
sample existed, they were converted into monthly data by averaging the samples. Despite being
transect data, when compared to the 1° scale they can be considered to be point data and are
comparable to the other datasets. For each 1° grid-cell of GlobSnow, SDGVM and LEGOS, all transect
points that were within the grid cell were averaged and used for comparison with that particular cell.
Where transect data were available, usually 1-2 transects were available for each 1° grid-cell.
Initially, to avoid problems with snow interception from the forest canopy, only transect data
acquired from fields are considered. Forests are considered later.
Transect data are available from 1966-2006, LEGOS from 1987-2008, GlobSnow from 1980-2010 and
SDGVM for 1901-2006. Here we only utilize the SDGVM outputs for 1981-2006 as contemporary data
and drivers are thought to be more accurate. For each grid-cell where transect data were available,
Figure 23-Figure 25 show the temporal correlation coefficient between the transect data and SDGVM,
LEGOS and GlobSnow respectively.

Figure 23: Correlation coefficient between monthly SWE for the transects and SDGVM (1981-1996).
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Figure 24: Correlation coefficient between monthly SWE for the transects and LEGOS (1988-1996).

Figure 25: Correlation coefficient between monthly SWE for the transects and GlobSnow (1980-1996).
GlobSnow shows the best correlation with observations, with 69% of grid-cells having correlation
coefficient exceeding 0.7, followed by SDGVM with 62% and then LEGOS with 45%. Notice that
GlobSnow has more points than SDGVM and SDGVM more than LEGOS. This is because only
correlations created by at least 10 pairs of points are plotted and, since GlobSnow has the largest
temporal range, it has the most grid-cells meeting this condition.
All 3 datasets yield low correlations around Lake Baikal (53N, 108E). SDGVM and LEGOS also give low
correlations in Eastern Europe/Western Russia where they are greatly outperformed by GlobSnow.
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Figure 26 to Figure 28 show the regression coefficient for the correlations that exceed 0.7; values
greater than or less than 1 respectively indicate that the transect data are being overestimated or
underestimated. SDGVM has a wide range of regression coefficients, and tends to overestimate
greatly in Eastern Europe and underestimate elsewhere, with sporadic large overestimates. Because
of poor correlations, LEGOS yields relatively few points, and these are consistently underestimates.
The regression coefficient for GlobSnow is roughly 1, and does not show any clear spatial patterns of
under- or overestimation.
Figure 29 shows the regression coefficients as histograms. Ideally, these regression coefficients would
be normally distributed, centred around 1, and with low variance, which is roughly the case for
GlobSnow. For SDGVM the histogram is centred about 1, but the distribution is skewed to the left. For
LEGOS the histogram is centred about 0.6.

Figure 26: Regression coefficient of monthly SWE for transects vs SDGVM (1981-1996) for grid-cells at
which the correlation coefficient exceeds 0.7.
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Figure 27: Regression coefficient of monthly SWE for transects vs LEGOS (1988-1996) for grid-cells at
which the correlation coefficient exceeds 0.7.

Figure 28: Regression coefficient of monthly SWE for transects vs GlobSnow (1980-1996) for grid-cells
at which the correlation coefficient exceeds 0.7.
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Figure 29: Histograms of the monthly SWE regression coefficients for the transects vs SDGVM, LEGOS
and GlobSnow. The top three histograms are for field data, while the bottom one is for forest data
and GlobSnow.
As mentioned earlier, since the SDGVM model does not consider snow interception by the canopy,
only transects obtained in fields were considered. The retrieval of SWE in GlobSnow is based on the
inversion of a snow emission model which considers land cover, biomass and canopy, though details
are not given on whether it considers the effects of canopy interception. Nevertheless, we carried out
the same comparisons for GlobSnow as above, but considering only transect data collected in forest.
The correlation actually improves, with 77% of the grid cells having correlation coefficient greater
than 0.7 as compared with 69% for transect measurements collected in fields. However, as seen in
the bottom histogram in figure 29, the modal regression coefficient is significantly less than 1, which
corresponds to an overall underestimate of SWE in forests by GlobSnow.

6.2 DVM Parameter Optimisation Using In Situ SWE data
The in situ observations can be used to optimise parameters within a DVM, through the minimisation
of a cost function that describes the difference between the modelled and observed SWE. This is
work in progress, using the JULES DVM. JULES was chosen as it has a large set of well-defined
parameters which are easily accessible through the JULES input file. An off the shelf optimisation
routine (the downhill simplex method in multi-dimensions from Numerical Recipes in Fortran [Perrin,
1997]), was used to perform an initial feasibility study.
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The cost function was defined as the average absolute difference in monthly snow season SWE per
grid-cell. Initially a set of 9 parameters from the 20 available were chosen, which were thought to be
those most likely to influence SWE. The algorithm was modified to allow for sensible constraints to be
applied to these parameters and each parameter was constrained to lie between 50% and 200% of its
initial value.
JULES is a relatively CPU-intensive DVM but does not require a spin-up, so for our study we only need
a run from 1950-2000. The WATCH climate database used to drive JULES is large, with 64,000 sites
and 6 hourly values for the 20th century. In order to reduce run-time, a subset of the full database,
consisting of only 1243 in situ sites, was selected.
With this set-up , and with 50 sites as our training data set, it is possible to make a single iteration of
the optimisation algorithm per hour on a standard desktop PC, which makes the calculation viable.
However, Initial results are not encouraging as the cost function appears to be too insensitive to
changes in parameters, and no significant reduction in error has been achieved. This is surprising, and
we are currently checking the optimisation scheme for errors.

7 Conclusions
This report is principally concerned with establishing statistical relations between different ECV
datasets and models that relate to the high-latitude land water balance. There is also limited
discussion of the relations between the water and carbon cycle, but a fuller discussion of the
statistical links between model calculations and ECVs is given in D1.4.3 “Integrated fire products for
carbon and climate modelling”; this structure turned out to make more sense as the work developed.
The individual components of the water balance, viz. precipitation, runoff, evapotranspiration and
storage (as Snow Water Equivalent) have all been examined.
Significant differences were found between the precipitation datasets used by different models, and
these had a strong impact on calculations, particularly of runoff.
For all basins, SDGVM and give reasonably good correlations with runoff data, with mainly good
estimates of absolute value by SDGVM (overestimates for the Volga and the Lena), while ORCHIDEE
consistently overestimates the data, probably because of overestimates in the precipitation driving
data. For LPJ-WhyMe and JULES, the basins seem to fall into two classes, one of which giving good
correlation and roughly correct magnitudes, the other giving quite good correlation but either a
systematic offset, or a regression coefficient) is significantly different from 1. This suggests that some
characteristic of the basins are not being captured by the latter two models.
The modelled SWE for all basins except the Fraser is reasonably well correlated with GlobSnow and
has similar magnitudes. The Fraser SWE is greatly overestimated by SDGVM, ORCHIDEE and LPJWhyMe, and to a lesser extent for JULES. In contrast, all models tend to give higher values of SWE
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than the LEGOS data, especially for the Fraser, and the correlation between the models and the data
is very weak for all models, particularly ORCHIDEE and JULES, where it is effectively zero.
All models show a peak runoff related to snow-melt that occurs earlier than the data, but this could
be corrected and a much better match to data was found by introducing an average speed of travel
for water along the river after melt.
A large Eurasian multi-year monthly database of in situ snow data along transects was used to test
both model and EO estimates of SWE. GlobSnow shows good correlation with these data and gives
similar magnitudes, with no clear spatial patterns of under- or overestimation. SDGVM also shows
quite good correlation, but with a wider range of regression coefficients, and tends to overestimate
greatly in Eastern Europe and underestimate elsewhere, with sporadic large overestimates. LEGOS in
general gives poor correlations and consistently underestimates the data.
An approach to use the SWE data to optimise the snow module in one of the DVMs has been
developed but currently is not providing useful results. Work is continuing to establish whether this is
an intrinsic problem or is an error in the optimisation approach.
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