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Figure 4.25: Tropical cyclone activity over the Southern Indian Ocean in 2005-2006 in the G5NR.
Individual cyclone track colors indicate center pressure from the 7-km output. Open circles are
drawn at the beginning of tracks and start and end dates are listed in yy/mm/dd hh:mm format.
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Figure 4.26: Same as Figure 4.25, but from the JTWC, 2005-2006 season (observed best tracks).
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Figure 4.27: Same as Figure 4.25, but for 2006.
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Figure 4.28: Same as Figure 4.25, but from the JTWC, 2006-2007 season (observed best tracks).
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Figure 4.29: Zonal vertical cross-sections of winds (shaded, m s~!) and temperature (black contours,
°C) of a Southern Indian Ocean tropical cyclone (TC 5, from Figure 4.27 reference map) in the
G5NR. Temperature anomalies (°C, red contours) are computed by subtracting a zonal mean
temperature for that latitude, spanning across 20° in longitude.
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Figure 4.30: Four-panel depiction of near-surface wind speed at various stages of the tropical
cyclone’s life-cycle in the G5NR, highlighting wind intensity and structural changes. Upper left:
initial tropical genesis at 1100 UT'C 03 Aug 2005. Upper right: peak tropical cyclone intensity at
08 Aug. 2005, 0600 UTC. Lower left: early extratropical transition at 1100 UTC 13 Aug 2005.
Lower right: mature extratropical transition at 2300 UTC 15 Aug 2005.
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Figure 4.31: Extratropical transition of a tropical cyclone in the G5NR. Top: 500hpa geopotential
height (contour, m) and sea-surface temperature (shaded, C) showing favorable positioning of
tropical cyclone to upstream mid-latitude longwave trough 13 Aug. 2005, 2300 UTC. Bottom:
30-minute average rainfall rate (shaded, mmd~!) and 10m wind vectors at full ET maturity 2300

UTC 15 Aug 2005.
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Chapter 5

Surface Characteristics

Clara Draper, Richard Cullather, Randal Koster, Guillaume Vernieres and Yuri Vikhliaev

In this chapter, the surface characteristics of the G5NR simulation are investigated by separately
considering the land (Sections 5.1-5.2), ocean (5.3), and polar (5.4.2) regions. The realism of the
GSHNR simulation is tested by comparison to independent estimates, and known problems with the
G5NR model and output are identified.

5.1 Land Surface - Hydrological Processes

Along with its atmospheric output, the G5NR offers a tremendous amount of high resolution,
globally gridded land surface hydrological data. Users interested in these particular data should
acquaint themselves with the issues highlighted in the subsections below, some of which may limit
the data’s usefulness for certain applications.

5.1.1 Relationship of GBINR Land Surface Hydrological Data to LDAS Products

In general, land data assimilation systems (LDAS) consist of a global or continental-scale array of
land surface model elements driven with observations-based meteorological forcing over a period
of years to decades. Output from these systems, which occasionally live up to their name by
assimilating land surface states along the way, consist of hydrological and energy fluxes and states at
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high spatial and temporal resolution. Numerous LDAS systems are currently operational (Mitchell
et al. 2004, Rodell et al. 2004, Xia et al. 2012, Reichle et al. 2011) and offer data to a wide variety
of users.

For those interested in hydrological studies requiring high resolution land surface data, it is worth
contrasting LDAS products with G5NR land surface products. For certain applications, the LDAS
products have distinct advantages. The first advantage involves biases in the meteorological forcings
produced by the G5NR’s atmospheric model, which will necessarily produce biases in the land
surface model output. LDAS products are much less limited by this problem, given that the
meteorological forcings they use come from reanalysis and, for precipitation, from datasets corrected
with rain gauge measurements. Biases in the G5NR’s precipitation and other surface forcings are
addressed elsewhere in this volume (and briefly in Section 5.1.2); suffice it to say that these biases
can, in certain regions and seasons, be significant.

The second issue involves chaotic atmospheric dynamics. The G5NR is a free-running simulation
rather than an analysis. Thus, even though the nominal dates for the simulation span 2005-
2007, and even though the atmosphere was forced by sea surface temperatures for those dates,
the simulated atmosphere was free to follow any number of diverging trajectories. The nature of
chaotic atmospheric dynamics implies that even if the atmospheric and land models were perfect, a
given simulation would necessarily produce a time series of precipitation fields not seen in the real
world, though not necessarily unrealistic. It is therefore inappropriate to use GHNR land surface
output to examine specific, historical real-world flooding events or droughts. LDAS data are better
suited for such studies.

This said, the G5NR land surface hydrological dataset does have its advantages. These data, for
example, are fully consistent with the rest of the G5NR dataset. During the G5NR, the land
states were allowed to feed back on the atmospheric states, and vice versa; the resulting mutual
consistency, arguably absent from LDAS products, allows an unprecedented joint analysis of land
variables with any number of atmospheric variables — that is, it allows studies of how these variables
evolve together. Another important advantage involves the spatial resolution of the G5NR data,
which is somewhat finer that of standard LDAS products; for example, the north American LDAS
project (Xia et al. 2012) offers data at a resolution of 1/8 degree, and the MERRA-Land global
product (Reichle et al. 2011) has a resolution of 0.5 degree.

5.1.2 Hydrological Land Surface Forcing

To get a first-order handle on the degree to which forcing biases affect the G5NR’s land products,
we turn to Budyko’s dryness index, defined as DI = Ryt /AP, where Ry is the annual net radiation
at the surface, \ is the latent heat of vaporization, and P is annual precipitation. Budyko (1974)
showed that DI serves as a chief control over long-term surface hydrology, even more so than
precipitation does by itself. The top panel of Figure 5.1 shows the global field of DI derived from
observations (Koster et al. 2006), which is in essence the field associated, by construct, with LDAS

154



products. The bottom panel of Figure 5.1 shows the corresponding plot for the GENR.

Overall, the GENR’s simulation of DI looks good, certainly to first order. The locations of energy-
limited evaporation (low DI) and water-limited evaporation (high DI) are, for the most part, cor-
rectly positioned. One must also keep in mind that some of the differences between the two plots
probably result from the short (2-year) averaging period used for the G5NR plot. In addition, the
large differences seen in near-polar latitudes are likely associated with poor precipitation observa-
tions in these areas; we do not have a good sense for what the correct values of DI in these areas
should be.

At least in terms of this bulk forcing diagnostic, the GENR results look reasonable. Forcing biases
at shorter time scales, however, will not be as good. Again, a more complete description of forcing
biases is provided elsewhere in this report (including an analysis of the bulk land surface energy
budget in the G5NR in Section 5.2).

5.1.3 Inconsistency Between Land-Only and Total-Grid Diagnostics

An inconsistency in the production of grid-averaged hydrological fluxes was discovered midway
through the G5NR simulation. The problem is illustrated in Figure 5.2 as it pertains to the
production of the 0.5 degree aggregated product. In the figure, precipitation in the 0.5 degree box
is seen to be large over the land subset of the box. Prior to fixing the problem, the 0.5 degree
runoff product was computed for only the land fraction of the 0.5 degree box; as a result, the 0.5
degree runoff value in this particular example would be high. The precipitation product, on the
other hand, was computed for the entire 0.5 degree box (land plus ocean), and its average value
would be relatively low, diminished by the zero precipitation found over the ocean fraction.

Based on this strategy, it is quite possible, especially along coastlines but also in areas with lakes,
for grid-averaged precipitation amounts to be fundamentally inconsistent with grid-averaged runoff
amounts. Figure 5.3 shows regions where, in the 0.5 degree dataset, surface runoff production
exceeds precipitation — a condition that should be impossible and indeed does not occur on the
GSNR’s native cube grid. While this post-processing problem is especially present in the 0.5 degree
dataset, it must also be implicit in the high resolution gridded G5NR dataset, given that the surface
elements defined by the cube are not the same as those in the high resolution latitude-longitude
output grid.

The problem was corrected midway through the G5NR simulation. For GENR output dated after
9 May 2006, a new precipitation diagnostic is included, one that provides the precipitation falling
over the land fraction of a grid element.
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5.1.4 Singularities in Parameter Estimation

A problem with a certain set of land surface model parameters was discovered after the GENR was
launched. In essence, a curve fitting routine used to parameterize the net results of some complex
calculations produced, in certain situations, an unwanted singularity. During the GENR simulation,
the singularity manifests itself as an excessive areal fraction of saturated soil, which in turn induces
excessive runoff ratios. In other words, for a given input of precipitation, too much of the rainwater
runs off.

The problem is somewhat rare. Roughly 4% of the land elements in the G5NR are potentially
affected by the problem, but tests show that the actual manifestation of the problem appears in an
even smaller percentage, of order 2%. Though much of the water runs off from the affected tiles,
evapotranspiration from the tiles still proceeds. The impact of the problem on the atmosphere
should be small and should certainly be non-singular.

5.1.5 Snowfall Forcing

A curious feature of the G5NR is the occasional generation of significant amounts of snow during
warm periods in the tropics and midlatitudes. The map in Figure 5.4, constructed from 0.5 degree
G5NR data, shows the total amount of snow reaching the surface during the 16-day period spanning
May 1 through May 16 of the first simulation year. The counterintuitive snowfall at warm latitudes
is likely the result of temporal truncation in the sequence of processes in the moist physics, whereby
one process that results in a strong cooling is followed in the model by a process that produces a
compensating large heating, and the rain/snow determination is made between the two steps.

Figure 5.5 shows time series covering two days in July for a high-resolution grid cell in Mexico.
In most tropical/subtropical areas, unrealistic snow amounts on the surface melt rapidly. Here,
though, even though the near-surface air temperatures remain above 280K, the deposited snow
remains on the ground into the next day, having a strong and unrealistic impact on albedo and
thus on the absorbed radiation at the surface.

Probably the most important impact of having spurious snow on the ground is the need for energy
to melt it. Presumably that energy should have been taken out of the atmosphere, melting the
snow before it reaches the surface. As it is, the energy comes from the land surface energy budget
at the expense of other terms.

An additional technical point should be made about snow budgets in the model. The model
naturally conserves snow, but there will be instances in the G5NR data when time-integrated
snowmelt appears to exceed time-integrated snowfall. This occurs because liquid water falling onto
a snowpack is allowed to freeze into the snowpack, increasing the snow mass.
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5.1.6 Reduction of Solar Radiation During Rainfall Events

Reichle et al. (2011) identified an issue with the coupled land-atmosphere system used for the
MERRA reanalysis (Rienecker et al. 2011). Overestimates of land surface evapotranspiration,
particularly the interception loss component, were induced by three unrealistic behaviors of the
coupled system, working together: (i) rain tended to fall only during daylight hours, (ii) the rain
tended to fall as drizzle during the day rather than as high-intensity, episodic events, and (iii)
incoming solar radiation at the land surface tended to be high during the drizzle. All three issues
are apparent in the comparison of MERRA results with observations in Figure 5.6, taken from
Reichle et al. (2011). Notice, for example, the significant reduction in downward solar radiation
on June 21 in the observations, during a daytime rainstorm; similar reductions are not seen in the
MERRA data. The MERRA-Land collection (Reichle et al. 2011) was created largely to account
for improved precipitation estimates but also in part to overcome the interception loss deficiency
associated with these three behaviors.

It is reasonable to investigate whether these issues also appear in the G5NR; it is possible that
they are ameliorated by this simulation’s increased spatial resolution and its concomitant changes
in rainfall and radiation behavior. Figure 5.7 shows some corresponding time series taken from the
high resolution G5NR data. These plots indicate that, indeed, the indicated problems are reduced.
Rain does fall at night in the G5NR, and when it falls during the day, it can be more episodic.
Days with significant rain now show a significant decrease in incoming solar radiation (e.g., on day
3), though days with tiny amounts of drizzle still show low reductions. Overall, the GENR appears
to behave more accurately in this context than MERRA, giving more credence to its calculation of
land surface evapotranspiration.

5.1.7 Evaporation Instabilities

Figure 5.8 shows 3-day time series of precipitation, net radiation, and total evapotranspiration at
a specific high resolution grid cell. Shown at the end of day 2 is a jump in the evaporation rate
that is unrelated to any contemporaneous precipitation or net radiation input. The jump results
from an instability in the land surface model’s energy budget calculation.

The degree to which such instabilities occur in the G5NR over a representative 2-week summer
period in central-north America is indicated in Figure 5.9. The problem, while ugly, is not rampant.
Instabilities are absent over most of the area, and they happen at most about once per day in a
few grid cells in the southern and northwestern U.S.

Furthermore, such instabilities have been analyzed before and are known to be connected, in large
part, to the transfer of information between the atmosphere and land surface. To compute the
surface fluxes, the land surface model requires the atmosphere to provide initial estimates of evap-
oration and sensible heat flux as well as the derivatives of these fluxes with respect to near-surface
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air temperature and specific humidity, which themselves depend on the derivatives of aerodynamic
resistance (a strongly nonlinear function) with respect to temperature and specific humidity. For
various logistical reasons, the aerodynamic resistance derivatives are not produced by the atmo-
spheric model, meaning that the land surface model cannot utilize this information. This leads to
potential instabilities.

This is demonstrated here using two offline calculations with the land surface model (i.e., the land
model is not connected to the atmospheric model but is instead driven with meteorological forcings
derived from observations). In the first offline simulation, employing the offline set-up described by
Koster and Mahanama (2012), the aerodynamic resistance derivatives are implicit in the forcing.
The second simulation is identical to the first except for the zeroing of these particular derivatives.
Figure 5.10 shows, for a 15-day summertime period, the relative incidences of instabilities in the
two simulations. The occurrence of instability clearly increases when the derivative information
is not provided. Again, the information regarding the aerodynamic resistance derivatives is also
lacking in the G5NR; indeed, the regions where instability occurs in the second offline simulation
are quite similar to those shown in Figure 5.9.

5.1.8 Occasional High Levels of Rainfall Forcing

Precipitation intensities in the GENR are sometimes very high. To construct Figure 5.11, a repre-
sentative 2-week period during the summer was chosen, and the precipitation rates computed at
each high resolution grid cell were aggregated to half-hour totals. The figure shows the locations
for which, during that 2-week period, a full 4 cm of water reached the surface during a single half-
hour period. While a comparison with observed rainfall intensities is not provided here, these high
simulated rainfall intensities seem unrealistically common. Users should be aware of their potential
existence when doing hydrological analyses with G5NR data.

5.2 Land Surface - Energy Processes

In this section, the realism of the long term mean land surface energy budget and low-level atmo-
spheric temperatures over land in the G5NR are tested by comparison to independent estimates.
For both, the means of the two-year free-running G5NR simulations are compared to the mean
of the observed climate over a 10-year time period. In addition to being directly relevant to land
surface applications of the GENR output, these comparisons also provide a useful diagnostic for the
realism of the physical processes modeled by the G5NR, in terms of both the land surface processes
and the atmospheric processes that interact with the land surface.

158



5.2.1 Surface Energy Budget

The G5NR global energy budget was compared to estimates from the NASA Energy and Water
Cycle Studies (NEWS) project (L’Ecuyer et al. 2014) in Figure 3.11. Here we examine the surface
component of the energy budgets in more detail. Recall that the NEWS project has produced a
10-year climatology (covering approximately 2000-2009) of the global and continental /basin-scale
water and energy budget terms. These budget terms are based on satellite observations, with
model products used where observations are unavailable, and have been adjusted to satisfy water
and energy balance constraints, with reference to the estimated uncertainty of each term.

Table 5.1 shows the annual mean continental surface energy budget from the GENR and NEWS (the
equivalent comparison will be made over the oceans in Section 5.3.1). The continental G5NR energy
budget estimates are quite close to those from NEWS. Compared to NEWS, both the downwelling
and upwelling components of longwave radiation are underestimated by 2.5-2.6 PetaWatts (PW,
17-18 Wm~2), while both components of the shortwave are slightly overestimated by 0.5-0.6 PW
(4 Wm~2). The G5NR turbulent fluxes are very close to those from NEWS, however this is likely
because they are not independent since the NEWS turbulent flux estimates are partly based on
MERRA fluxes.

5.2.2 Land Surface Temperatures

The monthly mean 2 m air temperatures (75,,) from the G5ENR are compared to observations from
the Integrated Surface Hourly (ISH) collection, collated by the National Climatic Data Center
(NCDC, Lott, 2004). Approximately 2000 ISH station are included in the comparison (Figure
5.12), and while these stations span the globe, their coverage is sparse outside of North America
and Europe. For each calendar month, Figure 5.12 shows very good agreement between the mean
Ts,, over the station locations from the G5NR and the ISH data (solid lines). The G5NR monthly
mean 715, is consistently within 2 K of the ISH mean, and with the exception of April, is within
one temporal standard deviation of the ISH 10-year monthly mean.

Also included in Figure 5.12 are the monthly mean 75, from 10 years of ERA-I reanalyses (Dee et
al. 2011). The very close agreement between the ISH and ERA-I mean T5,, at the station locations
is expected, since ERA-I includes a surface analysis which adjusts the model land surface state
variables to reduce the errors in 2m temperature and relative humidity forecasts. However, the
high accuracy of the ERA-I monthly mean 75, at the ISH station locations may not extrapolate to
regions that are less well observed by Ty, stations (even if the same stations are not used in ERA-I
and ISH, the same regions will be over-represented by both). Consequently, while we use ERA-I
as a global reference for the GANR T5,,, some caution is required in interpreting these results.
Nonetheless, Figure 5.12 does show a very strong agreement between the global mean T5,, over
land from ERA-I and the G5NR (dashed lines).
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Figure 5.13 shows the monthly mean 75, over each continent from ISH, ERA-I, and the G5NR.
In general, the monthly mean G5NR 75, tracks the ISH time series very well over each continent.
The G5NR 75, is within one temporal standard deviation of the ISH 10-year monthly means,
and only occasionally differs by more than 2 K. The exceptions are North America in Dec-Jan-
Feb and in Europe in Apr-May-Jun, when the G5NR T5,, is cooler than ISH. Comparing the
dashed and solid lines in Figure 5.13, the poor sampling of the ISH stations (note the number of
stations in the subplot title) is reflected by the differences between the station-only time series and
continental mean time series. Despite this, the difference between the ERA-I and G5NR time series
are consistent between the station-only and continental mean time series, lending some support to
the use of ERA-I to infer the continental-scale T5,, biases in the G5NR. As with comparison to
the ISH observations, comparison to the continental mean ERA-I T5,, indicates that the G5NR
monthly mean T5,, are reasonable. The G5NR monthly mean 75, are consistently within 2 K of
the ERA-I values, except for the two instances identified above, in which the G5NR is cooler than
other estimates.

Figure 5.14 shows global maps of the bias between the ERA-I and G5NR mean T, for Dec-Jan-
Feb and Jun-Jul-Aug. The cool T5,, in the G5NR mentioned above, during boreal winter over
North America and boreal summer over Europe, are both due to the G5NR being consistently
cooler across the continent in question. However, other regions stand out in Figure 5.14 as having
larger differences between the ERA-I and G5NR T5,,. Most notably the G5NR is much cooler over
north Africa, and it is much warmer in the northern high latitudes (the latter being associated
with differences in cloud-cover between the two models). Unfortunately, neither of these regions is
well observed by validating observations, and it is difficult to say which model (if either) is more
accurate at these locations.

Finally, since land surface temperature biases are important to microwave forward modeling of
the land surface (e.g., to retrieve soil moisture), Figure 5.14 also shows the difference between
the monthly mean ERA-I and the G5NR mean land surface temperatures. The differences in
the low-level atmospheric temperature and land surface temperature between the two models are
very similar, in terms of both spatial patterns and magnitude. Consequently, the above examina-
tion of the GENR mean Tb,, also provides an indication of the biases in the G5NR land surface
temperatures.

In summary, while it is difficult to evaluate land surface energy processes at large scales, the
above comparison suggests that the G5NR land surface energy processes are reasonable in terms
of simulating a realistic climate. Globally, the differences between the two-year G5SNR results and
the ten-year observations-based estimates for the annual mean surface energy budget and for the
the monthly mean low-level atmospheric temperatures are within the expected variability, given
the short period of the GANR simulation. The temperatures also appear to be quite realistic when
averaged over individual continents, although there are possible instances of large temperature
biases (> 5K) at the regional scale.
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