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This manuscript presents the results of assimilating SMOS and GRACE data, jointly
and independently, into an eco-hydrological model at the global scale. Model results
were evaluated using in situ soil moisture and MODIS NDVI estimates. The assimilation
method seems sound and the results are reasonable and should be of great interest to
researchers in the community.
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1. My comments are mainly on how the assimilation impacts are assessed using NDVI.
The authors employed MODIS NDVI to assess the impact of data assimilation on model
estimates and suggested that increased correlation between soil moisture and NDVI is
an indication of improved water storage estimates. This assumption may only be valid
in arid and semi-arid regions; in other regions where ET is limited by available energy,
changes in NDVI and water storage may not be correlated at all.

We thank the reviewer for the comments. We agree with the reviewer that vegetation
mainly responds to water availability in semi-arid to arid regions. In fact, we mentioned
on Pagei12 Line14 and Fig7, that we expected low correlation between NDVI and water
storage over humid regions. To eliminate further confusion, we will mask out the humid
regions in our revision.

2. | think the correlation presented in the paper may have been affected by the season-
ality in the data which is easy to see in Fig.5 where increase in correlation is associated
with increased seasonal amplitudes in model estimates. If the intention is to report on
increased seasonality, it may be better to compute the changes in seasonality; other-
wise, | would suggest the authors compute the correlation based on anomalies rela-
tive to monthly mean to eliminate the influence of seasonal variation. In either case,
physical-based evidence and reasoning needs to be provided for justifying the use of
NDVI in this purpose.

We agree with the reviewer that the increase in correlation is associated with sea-
sonality in model estimates. Our intention is to demonstrate that assimilating satellite
water observations help to improve model estimates of both seasonality and anoma-
lies. As shown in Fig5b, the assimilation significantly improves the seasonality of soil
moisture in eastern Brazil. On the other hand, we used NDVI as an indirect method
of demonstrating improvements of soil water estimates, since in-situ measurements
of soil moisture are often not representative or incomparable with gridded simulations.
Since water is the controlling factor of vegetation growth in arid regions, we can expect
an improved correlation with vegetation greenness after assimilation. In revising this
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manuscript, we will show the improvements in anomalies to justify and further highlight
the benefits of data assimilation.

3. In fact, the authors may look into the correlation between in situ root zone soil
moisture and MODIS NDVI to see if and when this assumption is correct. In addition,
if NDVI is truly correlated with water storage, wouldn’t comparing model estimated ET
with NDVI make more sense?

We understand the reviewer’s suggestion, however we respectfully disagree on the
need for checking the correlation between in-situ soil moisture with MODIS NDVI. The
NDVI value of each grid represents the average vegetation conditions over ~25 km2,
whereas the in-situ measurements only represent the soil moisture condition at point
scale. As such, the average vegetation condition may have no correlation with in-situ
measurements at all when, for example, comparing NDVI for a grid cell with various
vegetation types to a soil moisture monitoring site located in barren patch within cell.

We applied the ensemble Kalman smoother with a one-month assimilation window to
overcome the inconsistent temporal scale between observations and model. This ret-
rospective data assimilation allows the reanalysis of state variables including all the
water stores. However, the modelled ET and other variables were only affected indi-
rectly through the water balance with updated initial conditions of water storage esti-
mates once a month at the first day of a month. It has been demonstrated in Tian et
al (2017) that there was marginal effect of soil moisture data assimilation on model ET
in retrospective data assimilation. The comparison between model-simulated ET and
NDVI may be considered in a future study with daily updates of ET in the model.

4. The manuscript can also be improved with more details on the model and the ra-
tionale behind pre-processing satellite data. For instance, the ecological aspect of the
model is never described and no results were provided on how vegetation responded to
data assimilation. And there is no discussion on why SMOS data needed to be scaled
before assimilation while GRACE data were not. What are the adverse impacts of
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assimilating SMOS without scaling and how are they related to any model behaviors?

We thank the reviewer for this opportunity to add more detail about data preprocessing.
Our revisions will certainly clarify the reasons for rescaling of SMOS in Section 3.1.

Specifically, the transforms are necessary to achieve consistency between modelled
and observed soil moisture, using the least amount of ancillary information as possible.
We transform the SMOS volumetric soil moisture to relative wetness (0-1) by scaling
between the driest and wettest periods observed from SMOS through time. This is
because estimates of soil moisture from the W3 model are in storage depth (mm). No
physical depths for soil layers are used in the model, thus model-simulated soil storage
cannot be converted to volumetric soil water content. We applied the same conversion
to model-simulated soil water storage to resolve the inconsistency in units between
model and observations. GRACE data were not scaled because there is already a
consistency in units between W3-simulated total water storage anomalies and GRACE
observations.

To clarify we will add the following to Section 3.1: “Since the W3 model only specifies
soil water storage in water depth (mm) rather than prescribing a physical thickness of
the soil layers and porosity, the model-simulated soil water availability cannot be directly
compared with SMOS soil moisture retrievals in volumetric fraction. To resolve the in-
consistency between model and satellite observations in representing the near-surface
soil water availability, both SMOS retrievals and W3 simulated top-layer soil water stor-
age were converted to relative wetness (0-1) with respect to the dry and wet extremes
over the 7-year period, calculated as the 2nd and 98th percentiles, respectively.”

In this study, we focus on investigating the impacts of data assimilation on improving
root-zone soil water storage estimates by evaluating the statistical improvements with
MODIS NDVI. We did not use the NDVI or other vegetation condition estimates directly
from the model after the assimilation. We will clarify in Section 3.3 as follow: “The sta-
tistical improvements in correlation between satellite-observed vegetation greenness
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and soil water storage were evaluated after the joint assimilation against the open-loop
results.”

5. Additional comments: Page 1 Line 12: Increased correlation between vegetation
greenness and soil water storage does not necessarily mean improvement on water
storage estimates, unless you back this up with in situ observations.

We agree with the reviewer in general. However, we argue that the statistical improve-
ments in correlation between vegetation greenness and soil water storage estimates
can serve as an independent, indirect evaluation in water-limited regions. In particular,
we demonstrate that improvements in correlation derived from the inclusion of GRACE
and SMOS data in Fig 7. Such systematic improvements are unlikely to be random.
Since satellite-observed NDVI represents average vegetation condition over each pixel,
the in-situ soil moisture measurements at point scale cannot be directly compare with
MODIS NDVI (as mentioned above in comment no. 2 and 3). This point-to-pixel com-
parison becomes even more problematic in the area with various land cover types. This
is why we show the evaluation of soil moisture estimates with in-situ measurements as
a fraction of tree cover. Therefore, we propose in this study that the correlation im-
provements between vegetation greenness and soil water availability in water-limited
ecosystem can be considered as an independent evaluation for model performance
after data assimilation.

6. Line 21: root depths do not unilaterally determine whether plants can access deeper
water stores. The capillary force can also lift water up from deeper water stores to near
surface soils.

We agree with the reviewer. Indeed, it is why we refer to available water storage at
different layers, instead of rooting depth. Capillary rise and drainage is accounted for
in the W3 model.

7. Page 2 Line 23-25: Vegetation water content only constitutes a very small part of
GRACE derived TWS and thus the lag may not be related to vegetation greenness at
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all.

We agree with the reviewer and we will clarify in our revisions. We mentioned that there
is no time lag between GRACE observed water storage anomalies and changes in sur-
face greenness over Australia based on the study by Yang et al. (2014). In addition,
we do not mean to suggest that vegetation water content can be observed by GRACE
and related to vegetation greenness. We mean that, in the water limited ecosystems,
GRACE TWSA can explain changes in surface greenness both interannually and sea-
sonally due to the ecohydrological link between water availability and vegetation vigour.
In the revision we will clarify as follow:

“It has been demonstrated that GRACE-observed total water storage anomalies can
explain changes in surface greenness both interannually and seasonally without time
lag over Australia (Yang et al., 2014)”

8. Page 3 Section 2.1. Does groundwater interact with soil moisture?

Yes. The unconfined groundwater storage is simulated by the model considering deep
drainage from soil water, capillary rise and groundwater evaporation and discharge.
We will include additional description of W3 model in our revised manuscript.

9. Page 4 Line 18: a2 0.25 grid or 0.57

We thank the reviewer for the opportunity to clarify. The GRACE data were resampled
to 0.25 degree grid using the JPL RLO5M product. The data assimilation outputs in this
study were also at 0.25 degree resolution.

10. Line 25: Is absolute value the total error of SMOS and GRACE? What is the
purpose for calculating relative errors base on land cover types (i.e., Fig. 1)? Given the
coarser scale of GRACE data and the fact that vegetation water content is only a small
part of total water storage, | don’t think GRACE errors are related to vegetation types.

We thank the reviewer for the opportunity to clarify. The relative error was calculated
separately for SMOS and GRACE using their respective absolute values of uncertainty.

C6

HESSD

Interactive
comment



https://www.hydrol-earth-syst-sci-discuss.net/
https://www.hydrol-earth-syst-sci-discuss.net/hess-2018-442/hess-2018-442-AC1-print.pdf
https://www.hydrol-earth-syst-sci-discuss.net/hess-2018-442
http://creativecommons.org/licenses/by/3.0/

Soil moisture retrievals derived from brightness temperature from L-band emissions are
affected by interference from the vegetation canopy, causing greater errors over areas
with dense canopy cover. Therefore, it is important to consider these errors in the
assimilation and evaluation. We agree with reviewer that GRACE error is not related
to land cover types as shown in our plot (Fig1b). There is no significant difference on
GRACE uncertainties among different landcover types. The main purpose is to show
the relative weighting given to the model in the joint assimilation between SMOS and
GRACE.

11. Page 5 Line 9-10: Using the 2nd and 98th percentiles as wilting point and field
capacity can be a problem if the sites are located in very drier or wet climate where soil
moisture is often restricted to one side of its full range.

We agree with reviewer that using 2nd and 98th percentiles can be problematic in
continually dry or wet environments. However, we applied the same scaling to convert
the model-simulated soil water storage over the same time period, which mitigates that
issue. Using the statistical information to derive the wilting point and field capacity
was done to avoid introducing extra uncertainties from soil property maps, which are
notoriously unreliable.

12. Line 23: Were the field capacity and wilting point here derived from SMOS mea-
surements or from the model? After the adjustment, would you convert relative wetness
back to soil moisture content for assimilation?

We thank the reviewer for the opportunity to clarify. The relative wetness of SMOS,
in-situ measurements and model simulation were converted using the field capacity
and wilting point derived from each dataset independently. In the assimilation, we
used the converted SMOS relative wetness to adjust the W3 relative wetness in the
assimilation. The updated relative wetness of near-surface soil layer was converted
back to soil water storage in the model representation after the adjustment and used in
the initialization of model forward run for the next time step.

C7

HESSD

Interactive
comment



https://www.hydrol-earth-syst-sci-discuss.net/
https://www.hydrol-earth-syst-sci-discuss.net/hess-2018-442/hess-2018-442-AC1-print.pdf
https://www.hydrol-earth-syst-sci-discuss.net/hess-2018-442
http://creativecommons.org/licenses/by/3.0/

13. Page 6 Line 1: Adjusting temporal variance of SMOS data is not bias correction.
Why did you need to do that? And why didn’t you adjust the temporal variance of
GRACE data to match that of W3 estimates?

We apologise for the confusion. We did not adjust the temporal variance of SMOS to
the W3 model. We only converted both SMOS and W3 to relative wetness to resolve
the unit inconsistency as explained above. In the revision, we will clarify as follow:

“To resolve the inconsistency between model and satellite observations in representing
the near-surface soil water availability, both SMOS retrievals and W3 simulated top-
layer soil water storage were converted to relative wetness (0-1) with respect to the dry
and wet extremes over the 7-year period, calculated as the 2nd and 98th percentiles,
respectively.”

14. Line 13: equation (2). How does this update work? SMOS and GRACE have
different spatial and temporal resolutions?

We thank the reviewer for the opportunity to clarify. Essentially the forecast state vector
is a concatenation of all model states for all days over the given month. Equation 2
shows the state updating equations based on ensemble Kalman smoother. Since it is
a retrospective data assimilation method with one-month fixed window, the model was
run forward for one month for each ensemble member (driven by perturbed forcing).
State updating was implemented at the end of the month using equation 2 to update all
the water storage estimates for all days in a month back to the first day. The state vector
xf includes all the water storage components for all days in the month (as see in Page6
Line 6). The observation vector y includes all the daily SMOS observations and one
GRACE observations. The observation operator (H) includes the temporal aggregation
components to convert the model estimates into observation space (Page6 Line19).
The Kalman gain matrix was calculated with observation error variance and model error
variance derived from the ensemble members. More technical details are explained in
Tian et al. (2017). We have explained the major changes from that method, i.e. the
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modification of observation operator and data source, but sought to keep explaining
the assimilation method concise.

15. Line 20: why do you need field capacity and wilting point to convert soil moisture
content to equivalent water heights?

We refer the reviewer to the response to item 4, 11, 12 above.
16. Page 7 Line 14: Do the two "correlation" words mean the same thing?

Yes. The “correlation” here refers to the correlation between NDVI and soil water avail-
ability derived from different dataset or models, i.e. model open-loop, joint assimilation,
satellite observation only, and API.

17. Line 17: The API needs to be introduced in the data section.

We thank the reviewer for their suggestion. In revising the manuscript, we will introduce
APl in the data section.

18. Line 20: This sentence does not sound right. In fact, | find this whole paragraph
difficult to understand.

We apologise for the lack of clarity. We hope that the following revision will make the
point clearer: “The soil water availability at the integrated depth that has the maximum
correlation with NDVI best explains the changes in surface greenness at each grid cell.”

19. Page 8 Line 4: It looks to me that Fig. 3(b) has more points below the 1-1 line. Can
you provide average r for DA and open loop, respectively? Line 9-11: joint assimilation
improves SMOS soil moisture retrievals? Line 13: Fig. 4. Why are there fewer data
points for the GRACE-alone plot? Line 16: This further improvement is not obvious to
me. You probably should provide averaged statistics in numbers to back this up. Line
20: “less affected” is not obvious to me

We understand the reviewer's confusion here. The revised manuscript will include
average error statistics to justify our statements in Line 4, 16, and 20. Our objective
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here was to illustrate that the correlation of SMOS over non-forest (white circles) areas
were better than W3 model open-loop. The appearance of fewer data points for the
GRACE-alone plot is because that most of the sites are clustered together with not
much change from open-loop after the assimilation of GRACE alone.

20. Line 23: Listing uncertainties of SMOS and GRACE in Table 1 can be misleading
as they are not relative to the same set of in situ data and have nothing to do with
improvements made by data assimilation. Besides, they are not referred to throughout
the paper.

We thanks the reviewer for point this out, but we have referred to the results and dis-
cussed on Page 11 and Lines 1 — 5. The listed SMOS and GRACE uncertainties are
for those model grid cells compared with the same set of in-situ data. The purpose
of including the observation and model uncertainties was to investigate the potential
reasons for the improvement and degradation, respectively.

21. Page 9 Section 4.2. | don’t think increased correlation with NDVI can be counted as
improvements. In many cases, it is due to increased seasonality such as in Savannas,
eastern Brazil and hence increased correlation with NDVI which has strong seasonal
changes. correlation in Figs. 6 and 7 should be calculated based on anomalies relative
to monthly mean; otherwise, it reflects mostly the seasonality.

We agree and direct the reviewer to our response to Item 1, 2 and 3 above. We will
show the improvements of anomalies in our revised manuscript.

22. Page 10 Line 8: what is exactly plant-available soil moisture storage? Root zone
soil moisture?

We thank the reviewer for the opportunity to clarify. The plant-available soil moisture
storage refers to the soil water availability at a depth that best explains the interannual
and seasonal change of surface greenness. As shown in Figure 5, the change in water
storage at different depths shows different correlation with vegetation conditions.

C10

HESSD

Interactive
comment



https://www.hydrol-earth-syst-sci-discuss.net/
https://www.hydrol-earth-syst-sci-discuss.net/hess-2018-442/hess-2018-442-AC1-print.pdf
https://www.hydrol-earth-syst-sci-discuss.net/hess-2018-442
http://creativecommons.org/licenses/by/3.0/

23. Section 4.3. Trend should be calculated using anomalies relative to monthly mean.

We agree with the reviewer and will calculate and include the trends based on anoma-
lies in our revised manuscript.

24. Line 4: Can you include the correlation between soil water storage from the open
loop with NDVI in Fig. 77

We have included the difference between the open-loop and DA in Figure 6. We can
include open-loop correlation again in Figure 7 if the editor considers that this would
add value.

25. Page 11 Line 27. You stated earlier that “greenness can serve as a surrogate for
water availability in water-limited regions”. But NDVI was used to evaluate changes in
water storage across the globe, regardless of climate conditions.

We agree and direct the reviewer to our response to ltem 1 above. We will exclude the
radiation and temperature limited regions in revising the figures and results.

Interactive comment on Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2018-
442, 2018.
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