Interactive Comment on “Exploring the ability of the variable-resolution CESM to simulate cryospheric-hydrological
variables in High Mountain Asia” by René R. Wijngaard et al.

We gratefully acknowledge the reviewer for his/her remarks and suggestions, which improved the quality of the manuscript
significantly. We have carefully considered the suggestions of the reviewer and we provide a point-by-point response to the
reviewer’s comments. For clarity, the reviewer’s comments are given in bold italics and the responses are given in plain text.
References that do not refer to those in the main manuscript are listed below. The manuscript will be modified according to
the responses that are given to the comments.

1'd like to thank authors' addressing many of my questions and comments (in RC1) by their revision and replies. I am able
to better understand the logics from the revised figures and texts. Especially I gained more insights from the new off-line
CLM simulations.

While the revised manuscript reads great to me, 1 still have a major concern about how the authors justify their using
hydrostatic dynamical core (along with other configurations of CAM).

First, I appreciate the authors introducing a new study that I was not aware of, Liu et al., 2022, and also clarifies that
Rhodes et al. (2018) indeed conducted CESM-VR simulation with grid spacing reined to 7 km. Going over these two studies
and the authors' replies, I still feel it is misleading how the authors (and Rhodes et al., 2018) to a lesser extent) explain
the applicability of hydrostatic dynamical dynamical cores to the 7-km regionally-refined grid over Tibet, with the full
(moist) physics.

1 also believe that making the readers aware of these limitations would not affect the main conclusions of this study nor
degrades its contribution to the community. I think the way the authors should justify the current CAM configuration is
not by insisting that the hydrostatic dynamical core is appropriate for the grid used in this study, but instead explaining
the following:

#1 This study is experimental; it describes new capabilities and/or high-resolution dataset for CESM's cryospheric-
hydrological cycles over HMA, and evaluates the impact of these capabilities.

#2 Atmospheric model configurations fully appropriate for the spatial resolution required by this study are not available
in the versions of CESM used (high vertical resolutions, non-hydrostatic dynamical cores, and the authors probably want
to mention scale-aware deep convection schemes as well)

#3 The focus is the land surface (glaciers) and near-surface land-atmosphere coupling, not the atmospheric dynamics

#4 most importantly, the consistency between the results from atmosphere-land coupled simulations and off-line land
simulations suggest that the main findings of the study is rather insensitive to atmospheric forcing; therefore, if all
simulations are switched to non-hydrostatic atmospheric model, the main conclusions are expected to hold.

For #2, the authors can further mention the following for the readers:
- non-hydrostatic version of the SE dynamical core already exists (as in Liu et al. 2022), and another non-hydrostatic
dynamical core MPAS is being tested in the CESM framework (Huang et al., 2023),

- (as the authors stated in their reply) ""Recent developmental versions of CESM also have the option to run with 58 vertical
levels by default.”

- scale-aware deep convection schemes are also being ported to CESM/CAM (e.g., Jang et al., 2022)

therefore, it is expected that future studies can utilize more appropriate CAM configurations for the regionally-refined
mesh developed in this study.

With that, let me further clarify why I do not think the hydrostatic dynamical core is appropriate for the model grid used
in this study. There are three reasons.

1) The general agreement within the modeling communities, especially those who focus on moist convection with meso-
scale and convection permitting resolution, is that grid spacing smaller than ~ 10km should use non-hydrostatic model.

To give more context, the topic of hydrostatic vs non-hydrostatic models is not new in the weather forecasting and
mesoscale modeling fields (e.g., Tag and Rosmond 1980; Martin and Pielke 1983; Dudhia 1992; Kato and Saito 1995;
Jang and Hong, 2016; Qi et al., 2018)



Difference between hydrostatic and non-hydrostatic models are somewhat model-dependent, but several studies with full
moist physics suggest that even > 10 km grid spacing show difference between hydrostatic and non-hydrostatic models
(Kato and Saito 1995; Jang and Hong, 2016; Qi et al., 2018). Furthermore, a review article and a textbook state that
simulations with grid spacing < 10 km should use non-hydrostatic dynamical cores:

Review ) article:
Steppeler, J., Hess, R., Schattler, U., & Bonaventura, L. (2003). Review of numerical methods for nonhydrostatic weather
prediction models. Meteorology and Atmospheric Physics, 82(1-4), 287-301. https://doi.org/10.1007/s00703-001-0593-8

"Operational numerical weather prediction (NWP) models are currently close to the 10km horizontal resolution threshold,
beyond which the hydrostatic approximation becomes inaccurate.” (p1, Introduction)

Textbook
Satoh, M. (2014). Atmospheric Circulation Dynamics and General Circulation Models. , 2nd ed., Berlin, Heidelberg:
Springer Berlin Heidelberg. https://doi.org/10.1007/978-3-642-13574-3

"... As introduced in Chapter 20, however, the recent progress in computer resources has enabled us to drastically increase
the horizontal resolution of global models, say, less than 10 km. For these high-resolution simulations, we need to switch
the governing equations from hydrostatic equations to nonhydrostatic equations.” (p608, ch.24 "Non-hydrostatic
modeling"’)

therefore, I believe that the general consensus is that the grid spacing used in this study requires non-hydrostatic dynamical
core.

2) Unrealistic, truncation-scale (below the effective resolution) vertical motions are more likely to be simulated in
hydrostatic dynamical cores, especially when coupled with full moist physics.

It is recognized that hydrostatic models tend to simulate more intense vertical velocity than non-hydrostatic models (Tag
and Rosmound 1980; Kato and Sato 1995,; Qi et al.,2018). Hydrostatic model does not have a term that decelerates upward
motion through non-hydrostatic, perturbation pressure. In other words, the work required for a rising air parcel to push
out the environmental air from its way (Davies-Jones 2003; Pauluis and Garner 2006; Morrison 2016; Jeevanjee and
Romps 2016). This environmental response becomes non-linearly stronger as horizontal scale of the parcel, or grid column,
becomes smaller(Jeevanjee and Romps 2016), meaning that neglection of this term in hydrostatic models become
increasingly problematic at smaller scales. This limitation of the hydrostatic formulation is depicted by Pauluis et al., 2006
as follows,

"... In the atmospheric sciences, the system of equations in which the vertical momentum equation (1) has been replaced
by the hydrostatic balance (6) is known as the primitive equations. ... One of the main limitations of the primitive equations
lies in how they handle the kinetic energy of convective motions. ... For planetary- or synoptic-scale circulations, the
vertical velocity is much smaller than the horizontal velocity, and its contribution to the kinetic energy is negligible. This
is not the case for convective motions for which the use of the primitive equations leads to unrealistic values of the vertical
velocity. In fact, analytic solutions of the primitive equations in a convectively unstable atmosphere yield infinite growth
rate for short horizontal wavelengths."

Please note that models do response to forcing in the spatial scales smaller than the effective resolutions, usually not in a
physically realistic way, and associated precipitation is termed as ""grid-point" storm or "truncation-scale" storms (Held
et al., 2007; Williamson 2013; section 7 in Gross et al., 2018; Marquet et al., 2019). Unphysical vertical wind is often
accompanied by strong moisture convergence, condensation, and positive buoyancy production, which is mainly
represented by the cloud microphysics in the CAM model. That Yang et al. (2017) and Liu et al. (2022; their section 4)
showed the hydrostatic and non-hydrostatic difference become much larger with moist physics seems relevant to this
limitation of the hydrostatic model. Also for this concern of grid-scale storms, the model effective resolution and its spatial
scale (as used by some studies) are not relevant.

3) The present authors seem to underestimate the implication of the result from Yang et al. (2017)
First, Yang et al. (2017) reported that the difference between hydrostatic and nonhydrostatic simulations is statistically
significant in the mid-latitude case, but with much less magnitude than over the tropics.
Second, while the maximum height of the mountain in Yang et al. (2017) is comparable to the topographic relief over
Tibetan Plateau, the slope is far smaller than those over Tibetan Plateau. The idealized mountain in Yang et al., has the
Sfollowing parameters:

max height (h0) = 2km
half width (a) = 60km and 120km.



These parameters lead to the slopes of 1.9 degree with a = 60 km and 0.6 degree with a = 120km.
On the other hand, slopes of > 10 degrees are common over the Tibetan Plateau (Liu-Zeng et al., 2007). Although the
model input topography is usually smoothed, it is still likely that vertical wind forced by the impinging horizontal winds is
stronger over the realistic Tibetan Plateau topography than over the idealized mountain in Yang et al., (2017).

I do not think the authors need to provide this much background information in their manuscript. But again please
consider the above suggestions to caution the readers about the CAM configuration used in this study and introduce
relevant, on-going development in CAM that enable better configuration for the scales considered in this study.
Justification for using the current CAM configuration should be made in accordance with focus of the study, model
development status, and robustness of the main findings regardless of the atmospheric forcing.
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We thank the reviewer for his/her evaluation of the revised manuscript. We appreciate the reviewer for carefully explaining
the reasoning for a general consensus within the mesoscale modeling community that dx~10 km grid spacing is the limit at
which hydrostatic dynamics are no longer valid. It is clear that decades of research have gone into developing this consensus.
As our discussion has expanded such that we are debating a variety of issues, such as whether the effective resolution provides
a constraint on permitted updrafts and grid-scale storms in a hydrostatic model, we’d like to focus specifically on this
consensus to streamline the review process. The reviewer states:

“The general agreement within the modeling communities, especially those who focus on moist convection with meso-scale
and convection permitting resolution, is that grid spacing smaller than ~ 10km should use non-hydrostatic model.”

We remain skeptical on how rigorously this dx~10 km cut-off is intended to be adhered to, and in particular for deeming grid
resolutions in its immediate vicinity as inappropriate (e.g., dx=7 km) or appropriate (e.g., dx=13 km) for a hydrostatic model.
It is inconceivable that the actual cut-off grid-spacing in which hydrostatic dynamics are inappropriate would not be model
dependent, a point the reviewer mentions (‘Difference between hydrostatic and non-hydrostatic models are somewhat model-
dependent’). Similarly, studies seeking out the true cut-off grid-spacing rely on model’s with a non-hydrostatic/hydrostatic
“switch.” These non-hydrostatic configurations are not identical to the hydrostatic version other than the non-hydrostatic
terms; the model structure necessarily changes to accommodate a new prognostic variable, e.g., introducing additional filters
to remove errors associated with a different vertical discretization. That different modeling studies find that different grid
spacings are important for non-hydrostatic dynamics we think speaks to the importance of these model dependent structural
changes.

There are studies that indicate non-hydrostatic dynamics are only important for grid spacings finer than 10 km. The modeling
study of Jeevanjee (2017) illustrated that in FV3, the non-hydrostatic and hydrostatic vertical velocities only begin to diverge
at dx=2 km and finer (see their Figure 4). Jang and Hong (2016) highlight prior studies indicating that non-hydrostatic
dynamics are ‘weak’ at grid spacing courser than 5 km. Similarly, a study of the IFS model using hydrostatic and non-
hydrostatic versions found very little sensitivity down to 5 km (Wedi et al. 2010):

"The tests performed ranged from seasonal climate runs at T159 (125 km) resolution to medium-range forecasts up to and
including T2047 (10 km) to assess the performance of the non-hydrostatic model in the hydrostatic regime, all the way to
ultra-high resolution simulations in the non-hydrostatic regime (Wedi et al., 2009). Experiments with the T2047 horizontal
resolution indicate that the differences between the hydrostatic and the non-hydrostatic simulations are still not significant at
this resolution. Even the highest horizontal resolution at which the IFS can be run to date (T3999, 5 km) is still too coarse to
fully resolve non-hydrostatic phenomena."

We do not want to insist, based on these studies, that our configuration is optimal. As the reviewer highlights, there are studies
that find non-hydrostatic dynamics important at grid spacings significantly coarser than 10 km. So even though studies with
FV3 and IFS suggest that nonhydrostatic effects are of secondary importance at grid-spacings of 5-10 km, we agree that
caution is warranted. Nevertheless, we believe that the spread in the literature of the grid-spacing at which non-hydrostatic
dynamics becomes important indicates there is insufficient basis to deem our model configuration inappropriate. We have
made adjustments in Section 2.2 HMA-VR Grid and Performance to emphasize this point, and that we are not insisting on
our configuration as appropriate. We’ve also added some language in Section 3.7 Future Directions, using this uncertainty to
motivate a future study using the same grid resolution, but with the MPAS-A non-hydrostatic dycore that was recently ported
to CESM2.3.X.



The adjusted paragraph in Section 2.2 HMA-VR Grid and Performance (L213-233) is shown below:

“The spectral-element dynamical core used by CESM is currently based on the hydrostatic approximation; non-hydrostatic
vertical acceleration terms are neglected, which are important for the representation of deep convection, gravity waves, and
flow over topography (Jeevanjee, 2017; Liu et al., 2022). Conventionally, the horizontal scales at which non-hydrostatic terms
become important are assumed to be O(10 km), the vertical scale of the atmosphere (e.g., Wedi and Smolarkiewicz, 2009).
This could raise the question whether it is appropriate or not to use a 7 km regionally refined grid in combination with a
hydrostatic model. In literature, there is, however, a spread of the grid spacing at which non-hydrostatic dynamics becomes
important. There are, for instance, studies that indicate non-hydrostatic dynamics are only important for grid spacings finer
than 10 km. Jeevanjee (2017) illustrated that in the FV3 model, the non-hydrostatic and hydrostatic vertical velocities only
begin to diverge at dx = 2km or finer. Jang and Hong (2016) highlighted prior studies (e.g., Dudhia, 1993, 2014; Kato, 1996;
Janjic et al., 2001) indicating that non-hydrostatic dynamics are ‘weak’ at grid spacings coarser than 5 km. Similarly, a study
of the IFS model using hydrostatic and non-hydrostatic versions found very little sensitivity down to 5 km (Wedi et al., 2010).
Other studies indicate that non-hydrostatic dynamics are also important at grid spacings coarser than 10 km, which is
suggested by the studies of Yang et al. (2017) and Liu et al. (2022), who show that non-hydrostatic terms are important at
grid spacings up to 25 km, particularly in its representation of tropical convective systems. Due to the inherent difficulty in
testing the null hypothesis (Liu et al., 2022), and the spread in literature of the grid-spacing at which non-hydrostatic dynamics
becomes important, we believe there is insufficient basis to deem our model configuration inappropriate. However, we are
aware that using the hydrostatic version in combination with a 7 km regionally refined grid could propagate model-related
uncertainties into model outputs, such as precipitation. Nonetheless, the ability of the hydrostatic VR-CESM to simulate
mountainous climate with a 7 km regionally refined grid has successfully been shown over the mountain ranges of western
USA (Rhoades et al., 2018).”

The newly added paragraph in Section 3.7 Future Directions (L591-598) is shown below:

“In this study, the spectral-element dynamical core used by CESM is based on the hydrostatic approximation, which means
non-hydrostatic vertical acceleration terms are neglected. Although we believe there is an insufficient basis to deem our model
configuration inappropriate, we are aware that the hydrostatic version in combination with a 7 km regionally refined grid
could propagate model-related uncertainties into model outputs, such as precipitation, wind, and cloud cover, which
eventually also could affect the SEB and SMB. To address these model-related uncertainties, one potential solution could be
to apply a similar regionally refined grid in combination with the newly developed MPAS (Model for Prediction Across
Scales) non-hydrostatic dynamical core, which has recently successfully been applied over the western US mountain ranges
(Huang et al., 2022)”
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