List of relevant changes

Our answers on all questions, suggestions and remarks can be found on the next pages. Firstly, we
summarize the major changes we will make to the revised version of the manuscript based on the
comments of the different reviewers:
- We will include an analysis of the annual cycle over the subdomains as defined by the IPCC6
report (Iturbide et al., 2020) which are situated within the CAS-CORDEX domain.
- We will approach the differences between the gridded datasets in a different way. The spread
between the gridded datasets will be used as an estimate of the uncertainty.
- We will improve the discussion section by describing which model features can explain the
significant biases that were obtained over certain regions.
- We will include some additional recently published scientific papers in our revised manuscript
e.g. Harris et al. 2020; Wang et al. 2020; Zhu et al. 2020.

Author response to the review of Anonymous Referee #1

Central Asia is one of the least investigated CORDEX domains and any paper dealing with this area is
more than welcome. | do not have an objection to this paper but have a general comment on the approach.
Central Asia region has a rough topography and is sparsely populated. Therefore the station data in this
region is not as reliable and dense as some other regions. Keeping this in mind, does it really make sense
to use CRU data as the basis for model evaluation. In these regions, it may make much more sense to
use Era-Interim as the basis and not take CRU (that much) into account.

Thank you for your positive comment. It is indeed true that the gridded datasets are not very reliable in
some regions, as we stressed in our paper. We did not take ERA-Interim as reference since this product
has some model dependency and might suffer from similar errors that are reproduced by our models
which are forced by ERA-Interim for this evaluation study. The station observations also undergo
manipulations to obtain a gridded dataset but these steps are not linked with any NWP model. Moreover,
the relatively coarse (80km or 0.75 degrees) resolution of ERA-Interim makes it less suitable to serve
as a reference for higher-resolution regional climate models due to the larger representativity issues.
CRU is also quite coarse (0.5 degrees) but it has still a higher resolution than ERA-Interim.

Author response to the review of Anonymous Referee #2

General Comments

In this paper the authors present the results of an evaluation conducted over the CORDEX Central Asia
domain for two different RCMs: REMO and ALARO-0. Comparing climatological seasonal and annual
means obtained from two simulations covering the period 1980-2017 against gridded observational data-
sets, they aim to assess the reliability of the models for the region of study, setting the basis for their use
for future climate projections. The paper complements the results of other studies on RCMs for the same
region, and is believed to be interesting for the regional climate modeling community. Nevertheless, in
its current form the paper suffers from a series of major issues that need to be carefully addressed before
it may be considered for publication for Geoscientific Model Development. In general, the quality of
the paper is not very satisfactory. The text and the structure of the manuscript need a thorough revision,
since information is many times not very clearly expressed or confusing. The presented analyses are too
generic and not at all exhaustive. Explanations for evinced models behavior are often hypothesized
without any appropriate investigation. Further, | think that different sources of uncertainty such as the
error related to the use of different observational data-sets are not properly considered. | discuss the
mentioned issues, together with additional ones, in more details below:

Specific comments




e The presented analyses are neither exhaustive nor accurate enough for a proper evaluation study.
In particular, the analyses of the spatial correlation and of the spatial mean calculated over the
entire domain are not very useful. First of all, the evinced conclusions for the mean of the spatial
biases calculated over the entire domain might simply be the results of some compensating
effect and could vary significantly from one area to another. At the same time, given the
heterogeneity of the domain of study, spatial means and correlations calculated over the entire
domain can hide model limitations specific to single regions characterized by different physical
phenomena. Determining and understanding possible model limitations is one of the final goals
of models evaluation and serves as the basis for models development. For these reasons, a
guantitative analysis of model performances per sub-regions is therefore required.

We agree that there might be some compensating effects due to the spatial means over the large domain.
In order to improve our analysis we will add a section evaluating the RCMs over subdomains that are
defined by the IPCC6 report (Iturbide et al., 2020) and that are situated in the CAS-CORDEX domain.

e In the text there is lot of confusion between the different sections and their contents, with
discussion performed in the results section and some of the results commented in the discussion
part. Also, the authors discuss several variables not in the appropriate subsections. One example
is the subsection with the discussion on precipitation results, where the results of temperatures
are also partly discussed.

To account for this comment we will rearrange the text in the results and discussion section to improve
the readability of the text.

e The authors somehow considered the effect of different observations on the comparison of the
maps of climatological biases, as well as for the spatial mean calculated over the entire domain.
Nevertheless, also the analysis of the spatial correlation, the ratio of standard deviation and the
RMSE should take into account the effect of different sources of uncertainties, among which
one of the most important is certainly the effect of different observations. In this context, sub-
regions analyses assume even more importance. Additionally, other uncertainties could play a
big role for the different regions, such as for example the effect of different boundaries. What
happens when these sources of uncertainties are considered? The authors should acknowledge
the possible effect of different uncertainty sources and all their analyses must at least take into
account the effect of the observational uncertainty on the considered metrics.

In order to visualize the uncertainty in data of gridded observational datasets we will add graphs to the
manuscript with curves that show the differences between the gridded observational datasets for the
annual cycle of the different subregions. The spread of the curves of the different gridded datasets can
be considered as a measure of uncertainty.

It is indeed true that the positioning of the boundaries might have an impact on the climate experiments
(Rummukainen, 2009), but it is not the aim of this paper to investigate the effect of the domain choice
on the resulting RCM data. This work is undertaken within the CORDEX framework which provides
guidelines on domains, resolution,... in order to enable RCM intercomparisons between different
modelling groups. Therefore, we used the CAS-CORDEX domain as described by the CORDEX project
for our model experiments. Although running the same RCMs over different domains would be
interesting, it does not fit the aim of our study that frames into the AFTER project. Moreover, it is
impossible to realize such an investigation on a short timescale as it would necessitate writing new
proposals to obtain computing time on the Tier-1 HPC infrastructure.

e The authors conducted their evaluation considering a single observational data-set for each
variable. Then, they basically discussed in each case whether and when the model bias was
related to the poor quality of the reference observations, by comparing these with two or three
additional data-sets. | am quite critical with the approach they used. In fact, a simple comparison
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of three or four gridded observational data-sets does not allow to determine the best data for the
different regions of the considered domain. For doing this a more robust analysis is needed,
considering the initial observational stations of each data-set, their number, their precision and
the uncertainty related to the employed interpolation methods. On the other hand, what the
authors can do, given the considered data-sets, is to evaluate and take into account the reliability
of the given observational data-sets for each point of the domain, by calculating for example the
spread of the different observations. Instead of determining whether evinced model biases are
due to the reference observational data-set (that in my opinion is not possible to conclude for all
the points of the domain, given the available data), the authors should compare models results
with the available data-sets, and then discuss whether those biases are within or outside of the
range of the observations. In this way they could be able to affirm whether any conclusion on
model performances can be drawn for a considered area.

We agree with the reviewer that the spread on the observational datasets is relevant when evaluating
the performance of the RCMs. Therefore, we will add maps with the spread between the gridded datasets
instead of using Fig. 10 and 11. Additionally, we will add graphs to the manuscript showing the annual
cycle of each gridded dataset and each RCM for different subregions. The difference between the curves
of the different gridded datasets shows the spread between the different gridded datasets which can be
considered as a measure of the observational uncertainty and provides evidence of the performance of
the RCMs.

e The authors only investigate climatological values, focusing on the mean bias and on spatial
variability. | think that they should be more specific on the choices they made, discussing at
least why they focused only on seasonal and annual means and why they did not decide to tackle
temporal variability and the seasonal cycle. In particular, | would suggest to add some analysis
on the mean seasonal cycle, since the authors claim in their manuscript that some of evinced
model biases might likely be related to a wrong simulation of it.

We indeed focused too much on the spatial variability. We agree that the temporal aspects can not be
fully understood with the current figures in the manuscript, therefore we opted to add graphs with
annual cycles based on monthly data for different subregions.

e The authors focus their analyses on four variables, but then they discuss the results only for
temperature and precipitation. Why the discussion is not conducted consistently among the
different variables? Additionally, why are the analyses of tmin and tmax not carefully conducted
in the same way as for precipitation and temperature, considering different observational data-
sets?

We needed the minimum and maximum temperature together to bring the story about the limited diurnal
cycle of the RCMs. That is the reason why we decided to split the discussion only in temperature and
precipitation which indeed is different to the results section that had four subsections. We will merge
the sections of minimum and maximum temperature in the results in a general section about the diurnal
temperature range so it is clear that the different variables should be interpreted together to understand
the processes later on in the discussion. In the discussion we will use the same structure of subtitles.

The evaluation of Tmin and Tmax is not conducted in the same way since the observational data was
not available for all gridded datasets. The Matsuura and Willmott dataset of UDEL does not contain
data about the Tmin and Tmax or the diurnal temperature range.

e The effect of the boundaries on the different variables can only be estimated by performing
different simulations changing the boundary conditions. The authors should take into account
this point whenever they claim that errors in the boundaries are the cause of evinced biases.
They can eventually be able to (only partially) support these claims only by performing
additional simulations with different boundary conditions.



As mentioned before, it is out of the scope of our research and the manuscript to do an in depth study of
the effect of the boundaries due to the aim of the use of the CORDEX domain, the restricted computing
time and the goals of the AFTER project which were the driver of these CAS-CORDEX simulations.

e In many cases the presented analyses are very superficial and most of the raised conclusions are
mainly hypothesized without a proper demonstration. Additionally, sometimes the authors
simply use the maps of the bias to interpret the results of the spatial means. Why should that be
interesting and how such an analysis might help in evaluating models results? More in depth
analyses are required, including the already mentioned investigation of the seasonal cycle and
a quantitative comparison of model results and observations per sub-regions. Every hypothesis
on the possible reason of evinced biases should be effectively supported by specific analyses or
by bibliographic references.

As mentioned above, we will add a section with subregions that are lying within the CAS-CORDEX
domain. We agree that an annual cycle based on monthly data improves the evaluation and insights.
We will check which statements are not substantiated enough and we will add evidence that is
forthcoming out of the added figures or we will refer to other scientific articles where needed.

e In the manuscript there is a tendency of justifying the bias of the model with the poor quality of
CRU. For precipitation, for example, the authors state that CRU underestimates precipitation
values: in this case, why do not you perform the comparison against the GPCC as reference
then?

GPCC does not contain temperature data. Since it was important for us to refer for each variable to the
same reference dataset in order to compare the performance of the different variables, we took CRU as
a reference. By adding the analysis of the annual cycle over the subregions it will be easier to compare
the RCM outcomes with the different datasets directly.

e | would be more careful stating that evinced results are in the range of the ones obtained for
other studies and that indeed the models can be employed for climate projections. You affirm
this only considering the reference of Kotlarski for Europe. Additional studies for more regions
should be considered. Still, the authors must acknowledge the fact that extremely large biases
are present over extensive parts of the domain. For these, either any conclusion on model
reliability can be drawn due to high observational uncertainties or model results can not be
considered very trustworthy.

We agree, for some parameters significant biases are present over parts of the domain for some seasons.
The ALARO-0 RCM has a large positive temperature bias in winter over the northern part of the domain.
The REMO model has difficulties in reproducing the observed precipitation patterns over the orography
of Central-Asia. We agree that the biases observed in this study should be kept in mind when presenting
future projections. We find it therefore important to publish an exhaustive evaluation study. In this
evaluation study we saw that the main patterns are modelled correctly and therefore we concluded that
we can move on towards climate projections. We will add to our conclusion that these large biases
should be kept in mind when looking to the future projections. Additionally, to deal with the biases in
impact studies, several bias adjustment methods have been tested within the AFTER project and the
most suitable method will be applied before simulations for impact studies are done with these climate
data. It is not in the scope of this evaluation study to explain the details about bias adjustments and
impact modelling but to avoid misunderstandings we will add that bias adjustment is one of the
possibilities when mentioning that the RCMs can be used for future projections.

In other scientific publications where models over the CAS-CORDEX domain were run there are as well
large biases over certain parts of the domain (Ozturk et al., 2012; Ozturk et al., 2016; Russo et al.,



2019) and even for RCMs run over subregions large biases were found (Wang et al., 2020; Zhu et al.,
2020). There are not a lot of scientific articles to compare our results with and to refer to, however in
the meantime some new studies are published with model evaluations over a subdomain of our domain
and we will refer to them in the updated manuscript. We will thus rewrite the discussion and refer to
more scientific articles.

Minor Comments

- lines 35-37: How large are these ensembles? what about ensembles for the other CORDEX regions,
such as for example North America?

These large ensembles consist all out of more than ten GCM-RCM combinations. For example, the
ensemble of the EURO-CORDEX domain consists of 144 GCM-RCM combinations; 18 GCM-RCM
combinations are available for CORDEX-Africa. North America contains as well a large ensemble of
13 GCM-RCM combinations for the 0.22° resolution but we did not want to list all the different
CORDEX regions and the number of GCM-RCM combinations. In our submitted manuscript we
mentioned EURO-CORDEX, CORDEX-Africa and MED-CORDEX but NA-CORDEX has indeed more
GCM-RCM combinations at the 0.22° resolution. In the revised version we will therefore replace MED-
CORDEX by NA-CORDEX. A detailed overview of the available ensembles over the different CORDEX
regions can be found at the official CORDEX website: https://cordex.org/ and for each CORDEX
domain there is a tab on this website with more information or a link to the website of that particular
CORDEX domain.

- line 51: the term "validating" is normally considered not very appropriate when comparing climate
models and observations, in particular in cases like this one, where large uncertainties in observations
are present. "evaluating"” would be a more appropriate term.

As suggested, we have changed “validating” to “evaluating”.

- line 56: Same as above. Replace validation with evaluation everywhere in the text.

As suggested, we replaced “validation” with “evaluation” in the text.

- lines 62-63: delete "...that are sparsely populated"” since it is repetitive (you already said that in the first
line of the period).

As suggested, we removed it.

- line 65: "more extreme values": more extreme than what? just use "extreme values"

We agree and we changed it in the text.

- lines 67-68: The comparison against different observational datasets is useful only to address the
reliability of observational datasets and does not help solving the problem of the lack of an ensemble.
Please reformulate.

It is reformulated.

- lines 70-71: Similarly as expressed in my major concerns, you cannot directly prove that similar biases
in the two models are due to observational errors.

In principle, uncertainty in the observational data-sets allow to say that over certain areas the

observations are more or less reliable and whether robust conclusions can be drawn in this case. Please
reformulate this part.


https://cordex.org/

It is reformulated.
- line 80: complemented by
It has been corrected.

- lines 83-88: 1 think that this part would be more appropriate for the introduction rather than for the
methods.

We agree, the text has been changed.

- line 106-107: "The outer domain consists of the inner domain plus a coupling zone of eight grid points
in each direction.”: This holds true for both domains, right? eventually specify.

Indeed, this is true for the domains of both RCMs. We specified this in the text so it is clear that we refer
to both RCMs with this sentence.

- Fig.1: Where did the authors take the information on the topography from? the upper limit of the
colorbar of 3000m seems not reasonable for the area.

The figure shows the values of the topography used in the regional climate model REMO [GTOPO30
global digital elevation model (DEM) 3 https://www.usgs.gov/centers/eros/science/usgs-eros-archive-
digital-elevation-global-30-arc-second-elevation-gtopo30?qt-science_center_objects=0#qt-
science_center_objects/. The explanation is added to the figure’s caption.

We have increased the upper limit of the colorbar to the upper limit of the orography within the study
area.

- line 131: what is the vertical extension in meters of the domain of study for each of the two models?

For REMO, with 27 levels, the top is approximately at 25 km height. The top of the uppermost gridbox
is set equal to 0 hPa, but in reality the midpoint of the uppermost gridbox is ~25 km. ALARO-0 uses a
vertically staggered grid and the top of the uppermost gridbox is also set equal to 0 hPa. The midpoint
of the uppermost gridbox is situated at 67 km for a standard atmosphere.

- lines 139-140: Correct into: "...at the boundaries, up to the 31st of December 2017."
We corrected this sentence.

- lines 143-147: Is there any reason why in the case of ALARO-0 one year can be considered enough
for spin-up with respect to the 31 years considered for REMO? Please specify.

Both RCMs are using a different soil model. The soil model used for REMO is using five layers with a
mean rooting depth up to 5.7 m (Kotlarski, 2007), while there are only two layers in the ISBA model for
ALARO-0. One year spin-up is enough for ALARO-0 since different variables reach their equilibrium
after maximum one year. Most soil properties find their equilibrium after about one month. To reach an
equilibrium state for the soil temperature and soil moisture, a warm spin-up period of ten years instead
of thirty years was used for REMO. We will correct this in the text.

- lines 149-150: This sentence, in the way it is expressed, is not properly correct. In fact, you do a
comparison of model results only against the CRU, while then you compare the different observations
among them. Please better reformulate this sentence according to the comparison you will decide to
perform.


https://www.usgs.gov/centers/eros/science/usgs-eros-archive-digital-elevation-global-30-arc-second-elevation-gtopo30?qt-science_center_objects=0#qt-science_center_objects
https://www.usgs.gov/centers/eros/science/usgs-eros-archive-digital-elevation-global-30-arc-second-elevation-gtopo30?qt-science_center_objects=0#qt-science_center_objects
https://www.usgs.gov/centers/eros/science/usgs-eros-archive-digital-elevation-global-30-arc-second-elevation-gtopo30?qt-science_center_objects=0#qt-science_center_objects

We decided to add annual cycles of the different datasets and RCMs, thus this sentence should not be
changed since in those new graphs the results of the RCMs are compared with the different datasets.

- lines 151-152: Again, given your analyses you can not tell whether the bias of the models is due to the
observational uncertainty. What you can eventually say is that high uncertainties do not allow to draw
robust conclusions.

It is reformulated.

- lines 160-165: | do not manage to find the reference of New et al. 2002 in your paper. Are not there
any more up-to-date publications discussing problems of the latest CRU releases? Also, do not you think
that the New et al. 1999 publication is more general and it might also apply to other observational
datasets rather than simply the CRU? Please consider that all your considered data-sets are somehow
characterized by uncertainties (Flaounas et al., 2012;Gémez-Navarro et al., 2012).

We checked and updated our references in this part of the text. Recently a new paper for the CRU data
was published (Harris et al., 2020) and we updated our text taking this paper into account. Indeed, New
et al. (1999) is rather describing general features about gridded datasets but they do focus on the first
versions of CRU, that is why we mentioned this reference as well in the section about CRU. We agree
that it is better to refer to more recent and concrete papers for the CRU dataset. Additionally, we will
add a sentence in the general part about the reference datasets taking into account Gomez-Navarro et
al. (2012). The study of Flaounes et al. (2012) (about the ECA&D gridded dataset over MED-CORDEX)
is not general enough to be relevant for our text.

- lines 168-171: what about quality of UDEL for other variables than precipitation?
We added information about the variable temperature.

- lines 176-179: Please, make clear that Hu et al. 2018 only investigated the most central part of your
domain of study. Also, the same study states that GPCC underestimates all seasonal means, not only but
especially in spring.

Adaptations have been made in the text as suggested.

- lines 181-186: The original resolution of ERAInterim is not 25 Km but approximately 80 km. If you
used the data provided by the ECMWF at 25 Km, be aware that these are interpolated data. Please
specify this in the text.

As suggested, the explanation has been added to the text and adapted in Table 1.

- lines 181-186: an additional question concerns your choice of using ERAInterim data interpolated at
25 km: why you do not directly download ERAInterim data already onto a 50 Km grid?

We had ERA-Interim available at 25 km on our HPC infrastructure and a projection to the 50 km grid
results to the same. The new graphs with annual cycles are not produced at the 0.50° resolution but at
the resolution of each dataset and 0.22° for ALARO-0 and REMO.

- lines 186-188: First of all avoid saying initial errors in the boundary conditions, since it generates
confusion. Then, how should the comparison of temperature derived from ERAInterim with the one of
the models help you determining what is the effect of errors in the boundaries? The only way to assess
the effect of the boundaries on the RCM results is to drive the same simulations with different
boundaries.

We agree that it is confusing. To be certain about the effect of the errors at the boundaries, other
boundaries should indeed be applied. We have deleted this part in the text.



- lines 189-190: The outputs of an RCM are dependent (but not univocally determined) on the values of
several variables with which the model is forced at its boundaries. These variables will have an effect
on several model variables. The temperature of the model is not only dependent on the values of
temperatures provided at the boundaries, but other variables play a role. The same holds true for
precipitation. If the model is forced with wrong temperatures it is very likely, at least from a theoretical
perspective, that both model temperature and precipitation will be both badly reproduced.

We agree, the text at this line was deleted.

- lines 198-199: First of all UDEL and CRU have the same 0.5 degree resolution. Also GPCC is available
at such resolution. Reformulate this period in a more accurate way, considering the fact that the
"upscale” is only necessary for the models outputs.

We have changed “upscale” in the text as was suggested. The annual cycle graphs were created using
the highest resolution of each dataset (0.50° for CRU and UDEL, 0.25° for GPCC and 0.80°
interpolated to 0.25° for ERA-Interim).

- lines 207-209: reformulate this period.

We reformulated this part in the text.

- line 219: seasonal means of

We corrected this.

-line 227: what do you mean by limited bias? better specify.
We reformulated this part in the text.

- lines 228-229: First of all, you start discussing annual means but you put the relative figures at the
bottom row of your image: move them up. Then, in my opinion, according to the scale you use in your
plots, it seems that in both cases the absolute bias exceeds 3C over a very extensive part of the domain
and not only over mountainous regions. Maybe the scale you are using does not help to clearly
distinguish which areas are above or below a certain threshold. Try to change your scale.

We agree that the maps of annual means have to be placed at the top of the figure. It is indeed difficult
to see the difference between each degree on the figure. We will change the scale.

- lines 229-230: Also the REMO exceeds the 3C range, in particular in winter. Please reconsider your
sentence.

We included this REMO temperature bias a bit further in the text where we discuss the biases in the
mountainous regions and say that REMO has a warm bias in winter over the Altai region. We agree
that this might have been confusing and as suggested, the warm bias of REMO that exceeds 3 °C in
winter over the north-western part of Mongolia has been added at this particular location in the text.

- lines 230-231: not totally correct. In fact, the biases ,when considering the entire domain, are
particularly pronounced for ALARO-0 mainly in spring, over the northern part of the domain. In winter
the most pronounced bias seems to be the one of REMO for north-western Mongolia. For summer and
autumn the biases for the two models present a very similar range. The same holds true when considering
only the eastern half of the domain. Reformulate this part.

We reformulated this part as suggested.



- lines 231-233: Actually you should really emphasize that the two models seem to have a completely
different pattern of the bias of temperature in winter: one shows a bipolar behavior between North and
South, while the other between East and West, with a peak in warmer simulated temperatures over
north-western Mongolia. | think that it would be really important for the authors (and a very nice
opportunity) to better investigate the causes of the two different behaviours. This could give us some
clue on model limitations in the simulations of temperatures over the region, that seems to be a general
issue for climate models.

As suggested, we will emphasize this different behavior of the models in the text. By including an
additional subsection showing the yearly cycle of both temperature and precipitation of the
observational datasets and model output over subdomains the reader gets more insight into these bias
patterns.

- lines 233-234: What do you want to evince from this? why Scandinavia and not another region? Also,
how is the bias similar in the two cases?

We moved this information to the discussion section. The climate in Scandinavia is similar to the climate
in the northern part of the CAS-CORDEX domain. The reason why in both regions a warm bias is
obtained for ALARO-0, is probably linked with a process that occurs in regions with a subarctic climate
and not somewhere else. Deviations in snow related processes might explain the warm winter and cold
spring temperature biases in the northern part of the domain and therefore we will add some additional
information in the discussion part about this feature. We are currently investigating this.

- lines 238-239: Important biases are present in MAM also for REMO, for some regions such as the
Western fringes of the Tibetan Plateau. Also, for both models biases exceed 3C over a large part of the
domain in MAM. Reformulate.

As suggested, these sentences have been reformulated.

- lines 239-241: What do you mean by limited? you mean that biases are not very pronounced in
summer? reformulate.

We reformulated this sentence as suggested.

- lines 239-241.: also for REMO there are warm biases, even though they are inherent to a smaller portion
of the domain, in particular with respect to ALARO. Be more precise.

We reformulated this sentence as suggested.

- Fig 2: Beside my previous comment on the figure colorbar, the quality of the image could be further
improved by reducing white spaces in between rows and moving the names of the seasons on the left
side of the figures. Additionally, units should be added to the colorbars, that should also be moved: the
colorbar of the bias should be positioned in between the two columns for the bias of REMO and ALARO.

We decided not to change the location of the names of the seasons in the figure. By placing the names
to the left side of the maps the maps would become smaller in order to fit the page. We want to present
our figures as large as possible and that is why we structured it in this way. We will add the units to the
colorbars and place the colorbar of the bias at the right side of the figure.

- lines 248-249: The mentioned gradient is not very clear, in particular in summer.

We removed this statement.



- line 249: "The outcomes of both RCMs for the mean temperature agree well with the CRU data in
autumn (SON)": That is not totally true. In fact, performances of REMO in terms of simulated seasonal
climatologies are very similar for autumn, but also for spring and summer.

We reformulated this sentence.

- lines 254-255: what do you mean by "should be placed in perspective"? in which perspective? please
reformulate this period.

We reformulated this sentence to make clear that the uncertainty in observational gridded datasets is
known to be larger at locations in mountainous areas.

- lines 258-259: "it is clear from Table 2 that the strong cold bias during spring in the north for the
ALARO-0 model has a larger negative impact on the spatially averaged bias than the warm bias during
winter": I would avoid talking about "negative impact"” of the bias over some region on the calculation
of the spatial mean bias. Instead, you could say that the spatial bias is largely influenced by the
pronounced negative/positive bias over specific regions.

Thank you for the suggestion, we reformulated this sentence.

- lines 264-267: "However, the biases during summer are ... due to the smaller spatial variability in
temperature during summer"”. | think that this period is not very clear and needs to be reformulated,
eventually considering additional analyses supporting your conclusions. First of all in summer, in the
observations, you have less spatial variability (more accurate than smaller spatial range) than in the other
seasons. This is evident from the figure, even though it would be nice if you could support such
conclusion with a more quantitative analysis of the CRU spatial variability. Additionally (and most
importantly), in your analyses you do not effectively demonstrate that a lower correlation is due to a
lower spatial variability in summer. Why can it not be simply due to a worse agreement in the spatial
variations between the models and the observational dataset?

We agree that the sentence at line 264 is confusing and does not add any value, therefore we decided to
remove this sentence. We have changed “smaller spatial range” into “less spatial variability”. We will
not include a more quantitative analysis of the CRU spatial variability to keep the document as concise
as possible and since it is already visually clear from Fig. 2 that the spatial variability is smaller in
summer. From Fig. 2 it is visually clear that the biases are lower in summer compared to winter and
autumn, thus we assume that the lower spatial variability in summer is the reason for the lower
correlation and not the worse agreement between the models and observational dataset.

- lines 276-277: that is exactly one of the reasons why it would be better to consider the analyses per
sub-regions.

We agree and will take into account a subregional analysis.

- lines 290-291: | think that your explanation on the reasons of a more negative bias for TMIN than for
T2 is not exhaustive. Additionally, this needs to be moved to the discussion part.

We will move this to the discussion section, where we can explain it exhaustively.

- lines 297-298: "Following the main trend..": confusing, reformulate.

We reformulated this sentence.

- lines 299-301: "The warm minimum temperatures of the RCMs indicate that they underestimate the
coldest diurnal temperatures or that the observational CRU dataset overestimates them." There are

several issues in this period. First of all you need to reformulate your sentence because it is not the
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minimum temperature of the model that underestimates observation values but rather the model itself.
Also, if the minimum temperatures are warmer than observations, it means that the model overestimates
(and not underestimates) the coldest diurnal temperatures. Finally, from the comparison of model results
against CRU you can only affirm that the models underestimate minimum diurnal temperatures. You
can not prove that the observations overestimate them. The fact that CRU might overestimate them is a
possibility, but still is not inherent to the behaviour of the model (nor it is evident from the figure you
are commenting).

We reformulated this sentence according to the suggestions.

- lines 312-313: "except for the summer": why except if your are talking about annual values?
We agree and reformulated this part of the text.

- line 315: less good than what?

We reformulated this part of the text and moved it to the discussion section.

- line 323: you do not need to specify that temperature is a variable here

We agree and, according to the remarks that were made for minimum temperature, we moved this
sentence to the discussion section.

- lines 323-324: You need to reformulate this sentence. In this case you have to specify that the negative
TMAX bias is particularly remarkable in spring for the northern part of the domain, and also, to a less
degree, in summer. In winter some other less extended parts of the domain, such as the north-eastern
part, show a colder bias than REMO. In Autumn results are more similar between the two models.

We agree and we reformulated this text part.

- end of line 326: the cold bias

We corrected the typo.

- lines 326-328: Fig. 4 shows minimum temperatures. Then, how can we deduce from this figure that
the bias in TMIN is due to maximum temperatures? please better explain and eventually reformulate
this period.

We referred to the wrong figure, it should be Fig. 6. This sentence is describing what was earlier
mentioned: “specify that the negative TMAX bias is particularly remarkable in spring for the northern
part of the domain”. We moved the sentence up and rewrote it a bit so it is clear what we are trying to
say.

- line 342: "This means that ALARO-O0 fails to reproduce the low nocturnal temperatures": This belongs
to the discussion on minimum temperatures. Additionally, the model still fails in simulating warmer
temperatures, despite the smaller bias when compared to TMIN.

As suggested, we moved the last paragraph of this section to the discussion section and we explain more
clearly that ALARO-0 fails to reproduce temperature in general (including mean, minimum and
maximum temperature) in the northern part of the domain.

-lines 344-346: You should discuss about minimum temperature in the appropriate section.

As suggested, we moved the last paragraph of this section to the discussion section.
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- When you comment the maps of the bias, try to discuss the different seasons from up to down,
consistently with the figures.

We agree.
- lines 364-366: This part should be moved to the discussion section.
As suggested, we moved this text to the discussion section.

- lines 365-366: why however? also, you did not discuss until this point the uncertainty of CRU: how
can you claim that the reason for the wet bias is due to the observations?.

We agree that “However” at the beginning of this sentence is not suited here. It was not our intention
that this sentence was interpreted as a shortcoming of the CRU dataset since this is the results section.
We wanted to express that it is known from the observations that the amount of precipitation is low in
certain regions as seen in Fig. 8 (< 5 mm/month), not that CRU contains precipitation amounts that are
too low (this follows in the discussion). We reformulated this sentence, to overcome the confusion.

- lines 370-372: By whom is the bias turned into something else in summer? and how?

We reformulated this sentence to make it clear that we talk about summer, when the East Asian Monsoon
takes place.

- lines 372-376: It would be nice if you could perform the analyses of the seasonal cycle to support your
conclusions. This would make your evaluation more complete and exhaustive, while at the same time
allowing to effectively confirm or deny your conclusions.

Thanks for this suggestion. We agree and did an analysis of the annual cycle over multiple subdomains.

- lines 390-391: "The dry biases for ALARO-0 in Table 5 are thus caused by the simulation of
systematically less precipitation than the precipitation amounts in the CRU data.": Reformulate. It is
obvious that if the model underestimates precipitation, it simulates less precipitation than observations.

We reformulated this sentence. We intended to say that there is no region that has a strong dry bias
which is compensated with a wet bias in another subregion. This differs from the finding of temperature
where the strong warm bias in the north is partly compensated by a cold bias in the southern part of the
domain.

- line 393: systematically
We corrected the typo.

- lines 392-394: "The lower accuracy of simulated precipitation is due to the fact that precipitation is
less systematic affected by land cover and topography compared to temperature": First of all that is quite
a strong assumption given the extent and heterogeneity of the domain you are considering. Additionally,
you did not perform (at least it is not reported in the paper) any analysis that supports your conclusion.

We agree, we did not perform an analysis on this topic but it is known that it is harder to simulate the
spatial pattern of precipitation compared to temperature (Kotlarski et al., 2014) due to the reason we
mentioned.

- lines 400-404: This is incorrect. In fact Russo et al. 2019 showed that uncertainty in observations is

high over the north-eastern part of the domain, not that CRU overestimates the diurnal temperature range
over the region.

12



We agree and will reformulate this text part.
- line 404: Why hence?
We agree that this is an incorrect cause-consequence structure and we will reformulate it.

- lines 404-406: Again, how can you surely state that the model underestimates values of the diurnal
temperature range due to higher observation values?

We will rewrite this part.
- lines 407-408: why Czech Republic? what happens in other regions?

We agree that it would be better to refer to literature over Central Asia instead of referring to literature
over EURO-CORDEX where ALARO-0 and REMO were already evaluated. We will refer to Russo et
al. (2019) who obtained similar findings.

- lines 420-422: This is just an assumption that needs to be proven. Models develop their answer that is,
to a certain degree, independent from the boundaries. To test your hypothesis, one easy experiment that
could be conducted is to use different boundaries and compare the results.

We agree and we will remove this.

- line 425: "They related this warm bias already to shortcomings in the simulation of snow": this means
that they explained the bias differently than with the boundary effect as you explained in the lines from
423 to 425.

Ozturk et al. (2012) explained the bias indeed with a shortcoming in the simulation of snow cover. We
will remove the part about the boundary effect.

- lines 430-431: "Hence, we conclude that the warm forcing is the main reason for the warm bias over
Eastern Russia during winter.": | further have to highlight that you can not make such conclusion, until
you do not test different boundaries.

We agree and we will remove the part about the boundary effect.

- lines 435-436: As before, it would be nice if you could do the analyses of the seasonal cycle since you
mention it for the interpretation of your results.

We agree and we will add annual cycle graphs as mentioned before.

- lines 440-442: How the fact that for Belgium there is some correlation between warm bias and cloud
cover representation could explain the same for northeastern CAS. You could do some analyses on cloud
cover to support your conclusion.

We mentioned this study over Belgium since it is the only study that investigated the relationship between
temperature and cloud cover for ALARO. We agree that we cannot draw strong conclusions from this
and that this previous paper only gives a clue that cloud cover might be one of the reasons why the
temperature is not well estimated. Cloud cover is thus only one out of the many possible reasons, which
should be further investigated. In the meantime we did some analysis on cloud cover and we will include
our findings to the new version of the manuscript.

- lines 443-445: "Both could be due to too much cloud cover™: according to whom? In theory it could
be due to any reason.
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We agree and we investigated this further to say something about it in the discussion.

- lines 448-451: These considerations are important: it would be nice to put them in a more objective
context. Additionally, you say that New et al. show that CRU underestimates temperatures for Russia.
Then you talk about Western Russia. If you state that temperatures from CRU are not good for Russia,
then they can not be good for a part of it and bad for the rest. Reformulate.

We reformultated these sentences based on the additional analysis over the subregions.

- Fig. 10,11: To make the discussion easier | would suggest to plot the maps of the differences between
different observational data-sets together, using the spread of the observations among the different data-
sets. In this way you can easily know which areas are more reliable and which are not.

We agree and produced new figures.

- lines 465-467: the less reliable observations do not explain the bias, rather they do not allow to draw
any conclusion.

We reformultated these sentences.
- line 471: "...winter and overestimate it during." During what?
The word “summer” is missing, we added it to the text.

- lines 482-484: what happens when you compare ALARO-0 with the other data-sets over the entire
domain?

The precipitation of ALARO-O0 is for most grid points within the range of the different gridded datasets
during the different seasons. When averaging over the complete domain, then the output of both RCMs
is within the range of the spread between the reference datasets for the different seasons. However,
there are some subregions where the precipitation of ALARO-0 and/or REMO is lower or higher than
the observational spread for a specific season. For example both RCMs slightly underestimate
precipitation in summer over West Central Asia. We will add this information in the updated manuscript.

- lines 484-486: you mention two gridded data-sets: to which data-sets are you referring here? please
better specify.

We are referring to GPCC and MW, these are observational gridded datasets. ERA-Interim is a
reanalysis product, so we do not refer to it as an observational gridded dataset. We reformultated this
sentence and we will make sure that this is clear throughout the complete manuscript.

- lines 486-489: again, you can claim that the bias is relative to the employed boundaries only performing
a new simulation with different boundaries. Also, how can you be sure that ERA-Interim overestimates
specific humidity?

We will reformulate these sentences since it was not intended to say that the boundary conditions of
ERA-Interim affected our results. We just wanted to point to the similarities between the ERA-Interim
data and the output of the RCMs. We agree to remove the suggestion of the overestimation of the specific
humidity as we did not investigate it.

- lines 489-490: You are claiming this from the field means I guess. I think that plotting the maps of the

bias of the models against all the different observational data-sets might help the discussion of your
results.
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We claim this based on Fig. 8, 11, S1 and S2 where the spatial patterns between ERA-Interim and REMO
are visually very similar, while the patterns of ALARO-0 are similar to GPCC and MW. We agree that
it can help to plot the maps of the bias of the models against the different observational datasets, however
this will make the manuscript long.

- lines 489-490: How do ERA and REMO parameterize precipitation since you mention that they do it
differently? Specify.

For REMO these specifications are included in Table S1. We will refer to this table at the end of this
sentence and we will add that ERA-Interim uses a convection scheme modified from Tiedtke (1989) by
Bechtold (2008; 2014) and the cloud scheme is based on Tiedtke (1993) with modifications made made
by Forbes and Tompkins (2011), Forbes et al. (2011) and Tompkins et al. (2007)
(https:/iwww.ecmwf.int/en/research/modelling-and-prediction/atmospheric-physics). The similarities
between ERA-Interim and REMO for precipitation are thus probably due to the fact that both use a
modified scheme that is based on Tiedtke (1989). We did not further investigate this.

- lines 492-493: "This difference between ALARO-0 and REMO is related to the 3MT cloud
microphysics scheme of ALARO-0": where did you demonstrate this?

We did not demonstrate or investigate this but it is an assumption since this is known to cause differences
(Giot et al., 2016). We reformulated this statement so it is clear that it is an assumption that should be
further investigated in the future.

- lines 496-497: Again, this is hard to affirm simply using three observational data-sets. The authors
have to acknowledge the low number of observational data-sets. As | mentioned in many previous
comments | personally think that it would be better to approach the differences between the
observational datasets in terms of reliability rather than determining who is more correct.

We agree, we will mention the low number of observational datasets. We will reformulate the text so we
focus on the reliability of the observations and the complications for our evaluation. It was not our
intention that it looks like it is a research on which reference dataset is the best one.

- Fig. 11: In the colorbar of the bias, are units percentage? with respect to what? Please specify.
Indeed, the unit was wrong and we corrected it to the unit percentage. In Fig. 11 the precipitation of
CRU is compared with the other datasets ERA-Interim, MW and GPCC. The relative values were
obtained by dividing the difference by the value of CRU as already mentioned in section 2.4 Analysis
methods. In order to make this clear in Fig. 11, we will specify this in the figure captation.

- lines 501-502: Not completely true. Specify that, as evinced from your maps, the wet bias in ERA
(with respect to the other 3 data-sets) is only relative to the eastern part of the domain.

We reformulated this sentence as suggested.
- line 520: "that that". Correct.
We corrected this.

- lines 536-537: "REMO simulates the precipitation fairly well and ALARO-0 performs very well." How
can you state that their performances are good?

The simulated precipitation of the RCMs is for most regions most of the time within the observational
spread. We have clarified this in the manuscript.
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- lines 539-540: "The warm temperatures obtained with REMO ... can be linked with the dry and wet
bias in winter and spring respectively." Why and how can they be linked?

We agree that they cannot be linked without doing an in depth study on how they are exactly linked. We
reformulated this sentence.

- lines 540-541: In which way the link between temperatures and precipitation should strengthen your
hypothesis of a delay by REMO in the simulation of snow cover? Can you be more specific?

This was an assumption, we reformulated this sentence.

- lines 545-546: "The persistent warm bias over Pakistan and Northern India of both RCMs can be
explained by the persistent underestimation in simulated precipitation over this region by both RCMs.":
how can you state that given your analyses?

We agree that the warm temperature bias cannot be explained by an underestimation in precipitation.
We reformulated this sentence.

- lines 547-550: You refer to the fact that your results are within the ranges of models for other domains,
but then you only mention the results of Kotlarski et al. for Europe. You need more references.

We agree, we will add some papers that were recently published over parts of the CAS-CORDEX region.
- lines 562-563: That is arguable, given your analyses. How do you define an acceptable range?

An acceptable range is within the range of the observational spread. We will reformulate this so it is
clearer.

- lines 565-567: You cannot state this, until you force the model with different boundaries and you
conduct an analysis of snow cover (what you can eventually do for snow cover is to reference to the
evidences from other studies).

We agree and we removed this sentence.

- Table 1: This table is not easily readable. Could you find a way to make the distinction between the
different data-sets a bit clearer?

We will add a light gray background to the odd rows, so that the distinction between the information of
the different rows is more clear.

Author response to the review of Anonymous Referee #3

This paper describes the results of two models (REMO and ALARO-0) simulations over CORDEX
Central Asia domain. Authors compared simulated temperature and precipitation climatology and
concluded that both the models are capable to reproduce CAS climate. Reading the paper | had an
impression it is a kind of technical report but not a scientific manuscript suitable for GMD. | do not see
any science by describing how large biases in models are without any reasonable explanation where
they come from. Authors took models which were tuned for Europe, implemented them for CAS,
obtained huge biases and concluded: “That’s it.” Therefore I would recommend the manuscript for
publication only in case it will be substantially revised.

Major points
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1. Analysis (but not referring to other models results) of model biases is required. Where they come
from? Is it large scale atmospheric circulation or local processes, e.g. atmosphere — land heat/moisture
exchange? In this sense it would be interesting to look in mean sea level pressure (MSLP) biases. For
example, the warm temperature DJF bias as well as huge overestimation of DJF precipitation in REMO
could be because of underestimation of Siberian High.

We will improve our discussion section taking this comment into account. We are currently investigating
possible causes that could explain the obtained biases (e.g. cloud cover, snow cover) and we will include
our findings in the revised version of the manuscript.

2. The models show quite a substantial differences in biases. Considering the eastern part of CAS it is
clearly seen that in cold seasons REMO simulates 2m temperature much better then ALRO. Furthermore
ALRO results with almost 10K bias over quarter of the domain are inacceptable. The opposite is seen
for precipitation which is simulated by ALRO better. Based on these results authors can take heat
(moisture) fluxes as well as heat (moisture) transports from both the models (assuming that “better”
model reproduces better fluxes (transports)) and try to analyze which of them leads to produce
mentioned above biases.

We will improve our discussion section by trying to explain the obtained biases.

3. For better understanding | would also recommend to analyze the climatological annual cycle of some
guantities, like temperature, precipitation and heat fluxes at least for the eastern part of the domain (from
Mongolia to the east), where the biases are really large. For such a big domain with a plenty of
climatological zones Taylor diagrams are more a kind of speculation. E.g. in case the climatological
temperature varies from +30C in the South to -30C in the North spatial correlation will be high with any
kind of model.

We agree with this remark. To gain insight into the model’s performance and limitations we will include
in the revised version an analysis of the annual cycles based on monthly means for five subdomains.
However, we still find it valuable to do the evaluation (and make the Taylor diagrams) over the complete
CAS-CORDEX domain since this region is set as a standard domain. Many papers use currently
different subdomains over Central Asia and due to the small differences in the definition of these
domains they applied the results cannot be equally compared. Standard regions such as the CORDEX
and IPCC regions avoid this problem, that is why we will keep the scores over the complete domain in
our manuscript.

4.Authors should have a more deeper look into previous studies done with the same models. In
particular ones were done with REMO. Since REMO existence (more then 20 years) there are many
papers with REMO simulation results over regions partially included in CAS, e.g. whole the northern
part: Niederdrenk, 2013 (PhD), Niederdrenk et al., 2016 (Clim. Dyn.), Sein et al., 2014 (Tellus); south-
eastern part: Xu et al, 2018 (Clim. Dyn.).

We took these papers into account and will refer to some of them in our updated text.

5.Authors claim that some of the biases come from the ERA-Interim forcing. That is quite an ambitious
conclusion, in particular for Siberian continental climate. This conclusion has to be proven with some
additional simulations. It is not a big deal to take a lateral boundary conditions from some of the global
climate model, to simulate ca. 10 years and to look if the large scale biases are similar or not. | think
with available computer recourses it should be just 3-4 working days.

Indeed we cannot claim that the biases are due to the ERA-Interim forcing without investigating this
feature. We removed the text parts where we are claiming this.

Minor points
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L. 23: 1 do not think that with large scale 8-10K 2m temperature biases and more then 100% precipitation
biases over quarter of the model area both models reproduce climate “reasonably well”.

For the precipitation we get sometimes more than 100% due to the very low amounts as discussed in
the text. For example, if there is 1 mm of precipitation and the models estimate 2 mm monthly
precipitation, the relative precipitation bias is huge. Therefore, we added the absolute differences as
well in the supplementary material. Additionally, there is the spread between the gridded datasets. From
the newly created annual cycles it can be seen that the RCMs are mostly within the spread of the gridded
datasets.

L.24-25: It has to be done in this work, but not postponed to the unclear future
This would make the paper too long.

L.35: Even being a not an expert in CORDEX and even for CORDEX domains mentioned by authors,
I know much more works based on multi-model regional simulations. E.g. Africa: Paxian et al. (JGR-
Atmos, 2016); Mediterranean: Damaraki et al. (Clim.Dyn, 2019), Gaertner et al. (Clim. Dyn, 2017),
Soto-Navarra et al. (2020, Clim.Dyn).

Since there are quite some publications about multi-model regional simulations we made a selection,
discussing all of them is not in the aim of this paper that handles about CAS-CORDEX where there are
no multi-model regional simulations available. Including all of the other domains would make the paper
too long but we will add some of these references.

L.61: “Absence of reliable observational data sets”. Over China and Russia? Maybe 20 years ago “yes”
(describing CRU data authors site work from 1999), but at the present time it sounds at least strange.

We agree, Harris et al. (2014) is indeed better to refer to for the current information about CRU and
we will add as well the Harris et al. (2020) reference which was published after we submitted our
manuscript. We included the 1999 reference since this one describes the strategy and methodology of
CRU.

2. Methods. See above (L.35) Central America: Cabos et al. (2019, Clim. Dyn.), Southeast Asia: Zhu et
al. (2020, TAC), Arctic: Akperov et al. (2019, Global and Planetary Change; 2018, JGR)

We will at least refer to Zhu et al. (2020) in our updated paper.

L.94: I would remove word “sea”. In a middle school I have learned that Black, Caspian Red and Baltic
seas are seas, but it is hard to say that they are barely covered with CAS domain.

We agree, the Black Sea, Caspian Red Sea and Baltic Sea are seas in the CAS-CORDEX domain. We
removed “sea” and replaced it with “open ocean” since we wanted to stress that the domain mainly
exists out of landmass.

L.96: Before claiming it, authors should “google” a word “HighResMIP”. In the framework of this
project there are many global climate model simulating climate on 25 km resolution, i.e. the same
resolution as authors use for their regional simulations.

We added the reference of Haarsma et al. (2016) with information about HighResMIP to the text.

L.106 and in other places: T would suggest to use not “coupled zone”, but “sponge zone”. Forcing a
regional model with reanalysis has nothing to do with coupling.

To overcome confusion we will use “relaxation zone”.
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L.129: But what about dynamical core itself? Please explain at least in the way it is done for ALRO
above, i.e. special discretization, advection (e.g. in ALRO it is based on semi-Lagrangian algorithm and
what about REMO?)

See table S1 in the supplementary materials where these specifications are mentioned. We opted not to
mention all of them in the text because of the readability and to keep the text as concise as possible.

L.137-138: What about upper boundary? Which height does it have? 10hPa? 50hPa?

The upper boundary of ERA-Interim configures for 60 levels in the vertical, with the top level at 0.1 hPa
(https:/iwww.ecmwf.int/en/elibrary/8174-era-interim-archive-version-20).

L.202: As far as | know almost all the atmospheric models (including REMO and ALADIN) provide
direct output of Tmax and Tmin which are obtained every model time step. Why not to use them
directly?

This is correct, Tmax and Tmin were used directly from the model output of REMO and ALARO-0. We
reformulated our text to avoid confusion.

3. Results: As I mentioned in “major points”, not only seasonal means but also climatological annual
cycle for the quantities averaged over different areas has to be included.

We agree, we have added the annual cycles.
L.229: Exceeded. How much does it exceeded? On the plot | can only see that it is larger then 10K.

It depends on the subregion or the location. In winter the maximum bias obtained for REMO and
ALARO-0 at one particular point is respectively 16.8 °C and 19.2 °C when compared to CRU.

L.234: What has Scandinavia to do with Mongolia? They have completely different climate. In the same
way REMO group can write: Paxian et al. (2016) showed a strong precipitation bias over Guinea in
Africa. Maybe that is also a reason of REMO prcip. bias over East Siberia?

We agree and we will add additional information.

L238: Actually the strongest cold bias over Europe in REMO is at Spring. It is not visible in most of the
papers, because mainly they show DJF and JJA only.

Yes, that is true. We included all seasons to report our results as honestly as possible.

L.360 (Fig.8) Relative difference in mm/month? | think it should be in (%)

Indeed, we corrected this.

To all the figures with biases: For the biases | would avoid linear color bar and extend it for larger
values. E.g. for the temperature something like: 0,1,2,3,5,7.5,10,12.5,15 and for precip. (%)
0,10,20,30,50,75,100,125,150,200

We will reduce the classes of the color scales in order to improve the readability of the figures and we
will use a non-linear color bar as suggested.

L.405: What the Czech Republic has to do with Central Asia? Do they have similar climate? | have here

the same claim as at L.234. Authors should provide arguments which has something to do with CAS
and not speculations like: we have warm bias in Mongolia, because in French Polynesia is to rainy.
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We agree.
L.414: | would not say that up to 10K large scale temperature bias is something which is VERY well

Biases over 10 °C are mainly found over the regions where the reference datasets are less reliable (see
spread reference datasets in the newly created maps). We agree that we should formulate this differently
e.g. the results are within the range of uncertainty of the used gridded datasets. Additionally, for some
parameters significant biases are present over parts of the domain for some seasons and cannot be
explained by the uncertainty in the gridded data. For example, the ALARO-0 RCM has a large positive
temperature bias in winter over the northern part of the domain. The REMO model has difficulties in
reproducing the observed precipitation patterns over the orography of Central-Asia. We agree that the
biases observed in this study should be kept in mind when presenting future projections. We find it
therefore important to publish an exhaustive evaluation study. In this evaluation study we saw that the
main patterns are modelled correctly and therefore we concluded that we can move on towards climate
projections. We will add to our conclusion that these large biases should be kept in mind when looking
to the future projections. Additionally, to deal with the biases in impact studies, several bias adjustment
methods have been tested within the AFTER project and the most suitable method will be applied before
simulations for impact studies are done with these climate data. It is not in the scope of this evaluation
study to explain the details about bias adjustments and impact modelling but to avoid misunderstandings
we will add that bias adjustment is one of the possibilities when mentioning that the RCMs can be used
for future projections.

L.423: “..assigned to this forcing”. As it was mentioned above (Major points), before speculating about
it, please do some simulations with different forcing.

We agree, we cannot claim that the biases are due to the ERA-Interim forcing without investigating this
feature. We removed the text parts where we are claiming this.

L.433: “Ozturk et al. . . ., but they did not explain it.” And? If Ozturk did not explain it, it is over? Why
don’t you try to explain it in your manuscript.

We will improve our discussion section by trying to explain the obtained biases.

L.428, 448, etc. New et al. (1999). You discuss present climate and present observational data set citing
a work from 1999? There is a quite a big difference between the number of observations before 1999
and now.

Indeed there is a difference between the number of observations in the beginning of our evaluation
period (1980) and the end (2017). New et al. (1999) is rather describing general features about gridded
datasets, that is why we mentioned this reference. We agree that it is better to refer to more recent and
concrete papers for the CRU dataset. Recently a new paper for the CRU data was published (Harris et
al., 2020) and we updated our text, taking this paper into account.

Fig. 11: I think should be MW, but not WM. As well as (%), but not mm/month

Indeed, we corrected this.

Conclusion: In the scientific sense conclusion is very poor simply describing how large model biases
are only. The only one “explanation” of their origin is “models are good, but observations are bed”,
based on results obtained more then 20 years ago, in 1999. | would suggest to authors to bring more

“scientific analysis” into the manuscript considering comments written above. Maybe it will bring the
paper from “technical report” to “scientific manuscript”.
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Abstract. To allow for climate impact studies on human and natural systems high-resolution climate information is needed.
Over some parts of the world plenty of regional climate simulations have been carried out, while in other regions hardly any
high-resolution climate information is available. This publication aims at addressing one of these regional gaps by presenting
an evaluation study for two regional climate models (RCMs) (REMO and ALARO-0) at a horizontal resolution of 0.22°
(25 km) over Central Asia. The output of the ERA-Interim driven RCMs is compared with different observational datasets
over the 1980-2017 period. The eheice-ofspread between the observational datasets has an impact on the scores but in general
one can conclude that both models reproduce reasonably well the spatial patterns for temperature and precipitation. The

temperature whereas the ALARO-0 model prevails for precipitation. Studying annual cycles over specific subregions enables

to get deeper insight into the strengths and weaknesses of both RCMs over the CAS-CORDEX domain. The evaluation of

minimum and maximum temperature demonstrates that both models underestimate the daily temperature range. This

publication demonstrates that the REMO and ALARO-0 RCMs can be used to perform climate projections over Central Asia
and that the produeed-climate data can be apphed-used for in impact studies taking into account a bias correction for those

regions where significant biases have been identifiedredeHing.
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1 Introduction

There is a strong need for climate information at the regional-to-local scale that is useful and usable te-aHew-for impact studies
on human and natural systems (Giorgi et al., 2009). In order to accommodate for this, the World Climate Research Program
(WCRP) Coordinated Regional Climate Downscaling Experiment (CORDEX) was initiated with the aim to design and gather
several high-resolution experiments over prescribed spatial domains across the globe. CORDEX creates a framework to
perform both dynamical and statistical downscaling, to evaluate these regional climate downscaling techniques and to
characterize uncertainties of regional climate change projections by producing ensemble projections (Giorgi and Gutowski,
2015). Within CORDEX there are large ensembles of model simulations available at different resolutions for the Africa
(Nikulin et al., 2012; Nikulin et al., 2018), Europe (Jacob et al., 2014; Kotlarski et al., 2014), and-the-Mediterranean (Ruti et
al., 20165) and North America (Diaconescu et al., 2016; Whan and Zwiers, 2017; Gibson, 2019) CORDEX regions (Gutowski
et al., 2016). These large ensembles consist of more than ten different GCM-RCM combinations. In order to provide such

ensembles over all CORDEX regions, coordinated sets of experiments were recently performed or are still ongoing for

CORDEX regions such as South America (Solman et al., 2013), Central America (Fuentes-Franco et al., 2015; Cabos et al.,

2019), South Asia (Ghimire et al., 2018), East Asia (Zou et al., 2016), South-East Asia (Tangang et al., 2018; Tangang et al.
2019; Tuyet et al., 2019), Australasia (Di Virgilio et al., 2019), Arctic (Koenigk et al., 2015; Akperov et al., 2018), Antarctic
(Souverijns et al., 2019) and Middle East North Africa (Almazroui et al., 2016; Bucchignani et al., 2018). In addition, a new

ensemble of elimate-and-climate change simulations covering all major inhabited regions with a spatial resolution of about 25
i i has been established within the WCRP

CORDEX COmmon Regional Experiment (CORE) Framework into support ef-the growing demands for climate services

(Remedio et al., 2019)._Furthemore, a number of high-resolution global simulations at climatic timescales, with resolutions of

at least 50 km in the atmosphere and 28 km in the ocean, have been performed within the Coupled Model Intercomparison
Project 6 (CMIP6) (Haarsma et al., 2016).

While high-resolution ensembles (up to 12.5 km spatial resolution) are available for certain regions, e.g. EURO-CORDEX
(Jacab et al., 2014), for other regions such as Australasia (Di Virgilio et al., 2019) and the Antarctic (Souverijns et al., 2019)

the first experiments were performed only recently. For the CORDEX Central Asia (CAS-CORDEX) domain only a single
climate run with the regional climate model (RCM) HadRM3P (Gordon et al., 2000) of the Met Office Hadley Centre (MOHC)
at a resolution of 0.44° was publicly available through the Earth System Grid Federation (ESGF) archive until 2019. In
addition, climate projections with the RegCM model at 0.44° resolution for the 2071-2100 period and different emission
scenarios were reported in Ozturk et al. (2012, 2016), however they are not available through the ESGF archive. Moreover,
this resolution is insufficient for impact modelling and environmental assessment applications and thus higher-resolution
climate data over the CAS-CORDEX region is needed (Kotova et al., 2018). Recently, Russo et al. (2019) presented model
evaluation results of the COSMO-CLM 5.0 model ruan at 0.22° or 25 km resolution over the CAS-CORDEX region. The
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current study significantly extends our knowledge ever-of the CAS-CORDEX domain by evaluating vakidating-two different
RCMs based on multiple scores for temperature (mean, minimum and maximum) and precipitation over a much longer period.
In order to fill the knowledge gap over Central Asia two RCMs, ALARO-0 and REMO, were run over this region at 0.22°
resolution in line with the CORDEX-CORE protocol (CORDEX Scientific Advisory Team, consulted on 01/03/2019). Here
we present the model evaluation through the use of so-called “perfect boundary conditions” taken from the reanalysis data and
by comparing the downscaled results to observed data for the period 1980-2017. Such a vahidation-study is necessary n-order
to gain confidence in the RCM downscaling procedure before its application in the context of climate projections where the
RCM isdriven by a GCM (Giorgi and Mearns, 1999). The methodology for evaluation validatien-is partially based on Kotlarski
etal. (2014) and Giot et al. (2016), that compared a large ensemble of RCMs over the EURO-CORDEX region with the high-

resolution E-OBS observational dataset (Hofstra et al., 2009). However, in this study a slightly different approach is necessary
due to 1)-the absence of an ensemble of RCM runs over Central Asia;-and-2)-the-absence-of a-reliable-ebservational-dataset
over this region. While the Central Asian region is-a vast area. the network of measurement stations-is-unevenly and sparsely

FhereforeAdditionally, in some regions the quality of gridded observational datasets, constructed through interpolation or area-

averaging of station observations-, is poor due to suffers-in-some-regions,from-the- small-rumber-of stations-that-leads-te-over-

smoothing especiathy—of mere—extreme values (Hofstra et al., 2010)- and/or because of station observations that are

nonrepresentative for their large-scale environments. This is particularly the case for Additionaty,—the-measurements—at
isting-stations-may-not-be-representative-for their-large-scale-environmen —i-partiedtarin-orographically complex regions

such as the Himalayas. The currentta eliable-observations-this study

compares the model simulations with different gridded observational datasets and reanalysis data. When the different datasets

show large deviations and a large spread, then their uncertainty is high and no robust conclusions can be drawn (Collins et al.,
2013; Russo et al., 2019). i i j i

This study contains two assets: for the first time an in-depth evaluation of the RCMs ALARO-0 and REMO;—+an-at-0-22°
reselution; is performed at 0.22° spatial resolution over the CAS-CORDEX domain and in-adéditien-we reflect on the impact

of choice-of the observational datasets on the model evaluationvatidation. Such an analysis is a prerequisite in order to be able
to use the climate data in a sound way for later impact studies, e.g. for investigating climate change impacts on crop yields and
biomass production in forest ecosystems, which will be done in the framework of the AFTER project (Kotova et al., 2018).

In the following section we describe the applied methodology for this study (Sect. 2). This section contains details about the
study area, the model description, datasets used for the evaluation and the methodology of the analysis. In Sect. 3, we describe

the annual cycle, seasonal and annual means, biases and variability of mean, minimum and maximum surface air temperature



and precipitation. Further, we evaluate and provide a discussion of some remarkable anomalies in Sect. 4.complemented-a

efoutlook-of the-future-plans-of the ALARO-0-and-REMO-simulations. In the final Sect. 5 we summarize the conclusions.

100

105

2.1 CORDEX Central Asia domain_and subdomains

The CAS-CORDEX domain as shown in Fig. 1 contains Eastern Europe, a large part of the Middle East (including: Saudi-
Arabia, Jordania, Syria, Iraqg, Iran) and Central Asia (including: Kazakhstan, Uzbekistan, Turkmenistan, Afghanistan, Pakistan,
110 Tajikistan, Kyrgyzstan and Mongolia). The majority of Russia and China (excluding the most eastern provinces) and the
northern part of India are included as well. This domain is an exceptional CORDEX domain in the sense that it barely covers
| any open ocean-er-sea. It contains several important mountain ranges e.g. Ural, Caucasus, Altay and Himalaya, and deserts
e.g. Arabian, Karakum, Thar, Taklamakan and Gobi desert. Mountainous environments are of special interest for regional
‘ climate modelling since global climate models do not resolve the mountain ranges with a spatial resolution less than 50 km
115 and hence RCMs may have an added value here (Torma et al., 2015). In addition, the CAS-CORDEX domain contains a wide

range of climatic and bioclimatic zones, with in the north permafrost and snow-driven processes and in the south extremely
hot regions (e.g. Arabian Peninsula) and monsoon-driven climates with excessive convection linked to the Inter-Tropical
Convergence Zone (ITCZ) passing.
In order to obtain simulations that are comparable, the CORDEX initiative prescribes the minimum inner domain of each
120 CORDEX region that the RCM has to cover. While REMO uses the exact rotated lat-lon CAS-CORDEX grid (Jacob et al.,
2007) described by the CORDEX community, ALARO-0 has adopted a conformal Lambert projection (Giot et al., 2016),
which implies that the non-rotated boundary box should be applied in order to define the domain. The grids were set up in
such a way that the CAS-CORDEX domain is completely covered by the non-coupling zone. The CAS-CORDEX 0.22°
ALARO-0 inner domain encompasses 333 and 223 grid boxes, while REMO circumscribes 309 and 201 grid boxes in the east-
125 west direction and north-south direction, respectively. The outer domain for both RCMs consists of the inner domain plus a
ceuplingrelaxation zone of eight grid points in-each-directionat every boundary.
The CAS-CORDEX domain overlaps with eight other CORDEX domains, including the ones covering Europe, the Arctic,
East Asia, South East Asia, South Asia, Africa/MENA and the Mediterranean. Both RCMs used in this study, ALARO-0 and

4
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REMO, were already run and evaluated validated-over the EURO-CORDEX region (Kotlarski et al., 2014; Giot et al., 2016)
and additionally, REMO has been validated over five other overlapping CORDEX regions (Remedio et al., 2019).

CORDEX Domains

c) DKRZ/GERICS

Figure 1%: The CAS-CORDEX domain demarcated by a red contour and main overlapping CORDEX domains (black contour

lines): Europe (EUR), Arctic (ARC), South East Asia (SEA), East Asia (EAS) and MENA projected upon the topography of

Eurasia(geopotential height [m] of the GTOPO30 global digital elevation model (DEM) 3).

The CAS-CORDEX domain was further subdivided into five subdomains according to the IPCC reference regions (lturbide

et al., 2020) named as: East Europe, West Siberia, East Siberia, West Central Asia and Tibetan Plateau. These subdomains

visualized in Fig. S1 of the supplementary material, were applied to evaluate the spatial differences in the study area and to

investigate whether there were differences in the simulation of subcontinental processes.

2.2 Model description and experimental design

REMO and ALARO-0 are hydrostatic atmospheric circulation models aimed to run over limited areas. The ALARO-0 model
is a configuration of the ALADIN model (ALADIN international team, 1997; Termonia et al. 2018a) which is developed,
maintained and used operationally by the 16 countries of the ALADIN consortium. The dynamical core of the ALADIN model
is based on a spectral spatial discretization and a semi-implicit semi-Lagrangian time stepping algorithm. The ALARO-0

configuration is based on the physics parameterization scheme 3MT (Modular Multiscale Microphysics and Transport (Gerard
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et al. 2009)), which handles convection, turbulence and microphysics. ALARO-0 has been used and validated for regional
climate studies (Hamdi et al., 2012; De Troch et al., 2013; Giot et al., 2016; Termonia et al. 2018b).

The REMO model is based on the Europa Model, the former NWP model of the German Weather Service (Jacob, 2001). The
model development was initiated by the Max-Planck-Institute for Meteorology and is further maintained and extended by the
Climate Service Center Germany German-tastitutefor-Chimate-Services-(HZG-GERICS). The physical parameterization
originates from the global circulation model ECHAMA4 (Roeckner et al., 1996), but there have been many further developments
(Hagemann, 2002; Semmler et al., 2004; Pfeifer, 2006; Pietikdinen et al., 2012; Wilhelm et al., 2014). REMO is used in its
most recent hydrostatic version, REMO 2015, and the dynamical core has a leap-frog time stepping with semi-implicit
correction and Asselin-filter. For both RCMs, the vertical levels are based on hybrid normalized pressure coordinates which
follow the orography at the lowest levels. For the ALARO-0 experiment 46 levels were used whereas the REMO run employs
27 levels. More details on the general setup of ALARO-0 can be found in Giot et al. (2016) and for REMO we refer to Jacob
et al. (2001) and Jacob et al. (2012). An overview of the model specifications is given in Table S1 of the supplementary
material.

In order to evaluate vatidate-both RCMs, a validatien-run driven by a large-scale forcing taken from the ERA-Interim global
reanalysis (Dee et al., 2011) is undertaken for the period 1980-2017. A one-way nesting strategy is applied to dynamically
downscale the ERA-Interim data, having a horizontal resolution of about 0.70° (approximately 7986 km), to a higher -
resolution over the CAS-CORDEX domain (Denis et al., 2002). The ERA-Interim forcing data is prescribed at the lateral
boundaries using the Davies (1976) relaxation scheme and the downscaling is performed to a horizontal resolution of 0.22°
(approximately 25 km). Both model experiments are continuous runs initialised on the 1st of January 1979 and then forced
every 6 hours at the boundaries up to December 31st 2017. Following the methodology of Giot et al. (2016), constant
climatological fields for some parameters are used and updated monthly. These include sea surface temperatures (SSTs),
surface roughness length, surface albedo, surface emissivity and vegetation parameters. A spin-up period is needed to allow
the models and their surface fields to adjust to the forcing and internal model physics (Giot et al., 2016). While for ALARO-0
the year 1979 was taken as spin-up year, REMO¥Fhe-medel was spun-up for 130 years from-1979-t6-2008-for REMO-to produce
an equilibrium for the soil temperature and soil moisture. ard-tThese soil fields were then used as initial soil conditions when

restarting the model from 1979.; whi

used-for-the-analysis-in-the-subseguent-sections—The data produced by both models have been uploaded to the ESGF data
nodes (website: http://esgf.linl.gov/).

2.3 Reference datasets

In order to validate the model results, monthly, seasonally and annually averaged values for temperature and precipitation are

compared with different reference datasets. Gridded datasets are based on interpolated station data and are used instead of

station observations to overcome the scale difference between the model and observation field (Tustison et al., 2001). A

multitude of datasets were considered to estimate the reliability of the gridded observational temperature and precipitation,

6



since all gridded datasets are characterized by uncertainties (Gémez-Navarro et al., 2012)(New-et-al-—1999)—When-these

ebservational-uneertainty. The reference datasets are briefly presented in Table 1 and in the next sections we give a more
detailed overview of the different datasets used in this study.

185 2.3.1 Climatic Research Unit TS dataset

The gridded Climatic Research Unit (CRU) TS dataset (version 4.02) contains ten climate related variables for the period
1901-20187 {Harris-et-al—2014)-at a grid resolution of 0.50° covering the complete global land mass (excluding Antarctica)
(Harris et al., 2020New-et-al-1999:New-et-al—2000: Harris-et-al-—2014). Monthly values of minimum, maximum and mean
near surface air temperature and precipitation are used in the current study. This dataset is widely used all over the world and
190 inawide range of disciplines-{Harris-et-al-2014), however, there-are-alse-some issues have been reported (Harris et al., 2020).
Main concerns include sparse coverage of measurement stations over certain regions, e.g. the Northern-ef Russia-{New-et-al;

2062} and the dissimilarities in measurement methods that are used between-and-withinby different countries (Harris et al.
2020) ew—et-ak; 099} New—et-al- 0909) indicate—as—we ha he—interpolation—method—i ikel/to-produce—wWarme

195

2.3.2 Matsuura and Willmott gridded dataset

The Matsuura and Willmott (MW) (version 5.01) gridded dataset of the University of Delaware contains monthly values at a
0.5° resolution based on temperature and precipitation station observations. The main differences with the CRU dataset are
the use of different measurement station networks and spatial interpolation methods (Witmett-et-al;—1985:-Willmott and
200 Matsuura, 1995;- Harris et al., 2020Willmett-and-Rebesen—1995). It is known that the MW dataset generally underestimates
the precipitation in the central part of the CAS-CORDEX domain but especially during spring (Hu et al., 2018). The MW

dataset contains globally up to 0.4 °C warmer temperatures for the latest decades compared to CRU (Harris et al., 2020).

2.3.3 Global Precipitation Climatology Centre dataset

| The Global Precipitation Climatology Centre (GPCC) (version 2018) of the German Weather ServiceBeutseher-\Wetterdienst
205 is a monthly land surface precipitation dataset at 0.25° resolution based on rain gauge measurements. The GPCC full data
monthly product version 2018 contains globally regular gridded monthly precipitation totals. This updated version is using
"climatological infilling" to avoid interpolation artefacts for regions where an entire 5° grid is not covered by any station data
| (Schneider et al., 2018). Hu et al. (2018) concluded for the central part of our domain that GPCC is more in line with the

observed station data in Central Asia compared to CRU and MW, however, precipitation is underestimated in mountainous
|210 areas and seasonal precipitation is underestimated, especially during spring. In addition, the GPCC has no similar dataset for

other variables and thus, only precipitation can be validated with this dataset.

7
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2.3.4 ERA-Interim

Reanalysis products like ERA-Interim are more continuous in space and time than station data, but they do contain biases as
well. The ERA-Interim reanalysis of the European Centre for Medium-Range Weather Forecasts (ECMWF) is available from

1979 onwards. The spatial resolution of the dataset is approximately 79 km (T255 spectral) with 60 levels in the vertical

direction from the surface up to 0.1 hPa (Dee et al., 2011). The ERA-interim data have been further interpolated and used as
forcing for both RCMs at a spatial resolution of 0.25°. Total monthly precipitation at-a-spatial-reselution-of0.25°was obtained
from the Monthly Means of Daily Forecast Accumulations dataset by taking the mean over the precipitation amounts that are

available for two time steps: 00:00 and 12:00. The Monthly Means of Daily Means data of 2 m temperature at-6-25%isare used
to study the differenee-spread between observational gridded datasets and reanalysis data. tr-addition,the-temperature-of ERA-

ina-tha ER A _Interim-precipitation oreing hav sim e precipitation-based-en-othe iable hich-ara

Interim-sueh-as-temperature-and-speeific-humidity-Several studies have shown that ERA-Interim ten
the northern part over the CAS-CORDEX region, especially during winter (Ozturk et al., 2012 and 2016). Ozturk et al. (2012)
relates this to the insufficient ability of ERA-Interim to produce a snow cover in winter. Additionally, Ozturk et al. (2016)
showed that ERA-Interim tends to have a dry bias over the CAS-CORDEX region.

ds to have a warm bias in

2.4 Analysis methods

The grids of the observational and reanalysis

datasets generally differ from the model grid. Therefore, an interpolation to one common grid is needed in order to compare

them (Kotlarski et al., 2014). The output of the RCMs was upscaled and bilinearly interpolated to the 0.50° resolution grid of

the observational gridded datasetsAs-the-CRU-dataset-has-the-lowest-spatial-resolution-the-other-datasets{(both-medeHed-an

For ALARO-0 and REMO, hourly values of 2 m temperature and convective and stratiform rain and snow are available. The
precipitation variables were added up in order to obtain the hourly total precipitation which in turn was used to calculate

monthly totals and seasonal and annual means. The diurnal temperature range was obtained by subtracting the minimum

temperature from the maximum temperature and aFh

minimum-and-maximum-temperature—Additionalhy—a height correction was performed for mean, minimum and maximum
temperature using-the-topography-ofthe CRU-database-and-assuming a uniform temperature lapse rate of 0.0064 K m™.
The model evaluation is done by calculating different evaluation metrics over the CAS-CORDEX domain for the 1980-2017

period. We computed the bias for the monthly, seasonal and annual climatological means of the evaluated variables to obtain
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graphs of the annual cycle based-en-the-menthly-means-of-the-datasets-te-get-maps that visualise the spatial patterns of the
differenees-bias between the RCMs er-and reference datasets.-and-the-CRU-dataset: The relative bias for precipitation is
computed by subtracting the CRU value from the RCM or any other reference datasetvatue and dividing it by the CRU value.
These climatological means and biases were spatially averaged to obtain one mean value over the complete domain.
Additionally, Taylor diagrams were produced in order to study the model performance for the different seasons and for annual
means. Taylor diagrams supplement the bias analysis by visualizing in a concise way information about the correlation,
centered root mean square error (RMSE) and ratio of spatial variability (RSV) between the model and the observational dataset
(Taylor, 2001). The RSV is defined as the ratio of the model standard deviation and the standard deviation of the reference
dataset, here CRU, over the spatial grid domain. In this study the Taylor diagrams represent the spatial pattern correlation
between model and reference data, which is obtained by calculating correlations across the grid points of the CAS-CORDEX

domain. For the used formulas we refer to appendix A of Kotlarski et al. (2014).

3 Results

In this section, the results of the model evaliduation results-are presented with a focus on evaluation metrics of seasonal means
ofir mean, minimum and maximum near surface air temperature (henceforth denoted as temperature) and seasonal mean
precipitation (henceforth precipitation). Limitations of the observational datasets should be kept in mind when interpreting the
evaluation results (Kotlarski et al., 2014). These limitations are investigated by comparing the different observational datasets
and their implications for the evaluation vatidation-as-will be described in Sect. 4.

3.1 Mean temperature

3.1.1 Annual and seasonal means over CAS-CORDEX domain

In Fig. 2, the mean seasonal and annual temperature observations of CRU and the model biases with respect to CRU are shown
for the 1980-2017 period. Moreover, the spread between the reference datasets (ERA-Interim, MW and CRU) is shown in the
column at the right. Both RCMs are producing similar mean annual temperature patterns since they have similar biases with

respect to CRU-exceptfor-the-northeastern-part-of-the-domain-where-REMO-has-a-limited-pesitive-bias-and-ALARO-0

Himited-negative-one. At the same time a dipole pattern arises in the temperature bias of ALARO-0 between north and south
and for REMO between east and west, with a peak in positively biased temperatures over north-western Mongolia. Annual

biases vary between -3°C and 3°C for both RCMs, aApart from the orographically complex regions and some areas in North
and East Siberia for ALARO-0. These regions exhibit a spread of 3 °C and more between the observational datasets and thus

it is difficult to evaluate the models accurately in those regions.

On the seasonal timescale, biases over larger areas are mainly pronounced in winter (DJF) and spring (MAM), particularly for

ALARO-0 with strong biases up to 10 °C and -15 °C respectively in the north-eastern part of the domain. In winter the most
9
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275 pronounced bias is found for REMO over the north-western part of Mongolia in the Altai mountains. Additionally, the REMO
model has a cold bias in the western part of Russia during winter, while ALARO-0 shows a warm bias. During spring, cold

biases are found for both models in the northern part of the domain, but the biases of ALARQO-0 are more pronounced than

those of REMO. For the summer (JJA) season, warm biases occur over the southern part of the domain and cold biases are

more dominant in the north. These biases in summer are more pronounced for ALARO-0. Both models show modest bias

280 patterns in autumn (SON), with in particular warm biases over the eastern part of the domain.

Biases in the high-altitude regions are largely persistent throughout the seasons. More specifically, both RCMs have large
negative biases over the Pamir Mountains (Tadjikistan) and the Himalayas, while they also feature negative biases over the
Tibetan Plateau, although this is to a lesser extent the case for ALARO-0 where this is only clearly visible for the winter

season. As mentioned before and visualised in Fig. 2, the biases in mountainous regions should be placed in perspective to the

285 significant observational uncertainties that are typical over such complex orography.
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Figure 2: On the left: mean air temperature (°C) at 2 m height over the CAS-CORDEX domain based on the observational CRU
dataset for the 1980-2017 period on annual level and for winter (DJF), spring (MAM), summer (JJA) and autumn (SON). In the
middle_columns: temperature difference (°C) between the simulated REMO mean temperature and the CRU mean temperature:,
and-On-theright- temperature difference (°C) between the simulated ALARO-0 mean temperature and the CRU mean temperature.
On the right: the range in temperature (°C) between the different reference datasets (CRU, MW and ERA -Interim).
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The spatially averaged mean temperatures of CRU for the different seasons during the 1980-2017 period are given in Table 2,
accompanied by the mean bias over the domain for the RCMs. In agreement with Fig. 2 the biases are very small for both
RCMs during autumn. iti i i ingi

Figure 3 shows a-spatial Taylor diagram for the mean temperature of both RCMs for the different seasons and for the annual

mean value. Both models have in general a good model performance for temperature over the CAS-CORDEX domain for the

different seasons and on the annual level since the spatial correlation between the model output and the CRU data is high (>
90_%), while the centred RMSE is small (< 0.5) and the normalized RSV is mostly close to 1. Based on Fig. 3, both RCMs
perform best during autumn and the spatial correlation is lowerst during summer for ALARO-0—Hewever while, the biases
during summer are for-beth-RCMs-smaller than during winter and spring for both RCMs (Table 2 and Fig. 2). This is related
to the-smallerless spatial range-variability in temperatures during summer compared to the other seasons, as can be seen in Fig.
2 for CRU. An equal deviatien-bias in temperature for each season wouldi lead to a less good correlation in summer due to
the smaller spatial variability in temperature during summer. During autumn and winter, both RCMs do simulate the
normalized standard deviation of the temperature very well-Hewever, although there was a clear warm bias observed during

winter (Table 2 and Fig. 2). but-indicates-that the RCMs-capture-the-spatial-variability-weH-During spring the cold bias in the

north is limited to -5 °C for the REMO model but not for ALARO-0, which leads to a clear overestimation of the normalized

RSV during spring. Both RCMs overestimate the normalized RSV during summer and spring, while in winter they
underestimate it slightly. The underestimation of the spatial variation by the RCMs in winter is due to the warmer temperatures
in the northern part of the domain, where the coldest temperatures are observed for CRU (Fig. 2 and 3). In spring and summer,

the spatial variation is overestimated since colder temperatures are simulated by the RCMs in the coldest part of the domain.

The small mean bias for ALARO-0 during summer (JJA) (Table 2) is obtained by averaging the warm biases in the south and
the cold biases in the north (Fig. 2) and does not result in a very good overall performance of the modelled temperature (Fig.
3). Based-on-Fig-2,Fig—3-and-Table 2 ALARO-0-has-a-slightly-better performance-during-autumn-than-REMO--Comparing
the metrics of the RCMs (Fig. 2, Fig. 3 and Table 2) shows that REMO is better in simulating the variability in temperature ;
execeptforautumn;-and has smaller biases compared to ALARO-0, except for the autumn. On the other hand ALARO-0 better
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captures spatial temperature patterns since the spatial pattern correlation is slightly higher than for REMO, except during

summer.
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Figure 3: Normalized Taylor diagram representing the performance of mean temperature for seasonal and annual means for both
RCMs (ALARO-0 and REMO), the ERA-Interim reanalysis and MW observational data with respect to CRU.

3.1.2 Annual cycles over subdomains

When analysing the seasonal cycle of the mean temperature for the different subdomains (Fig. 4), it is indeed observed that<—

the RCMs simulate the mean temperature very well during the autumn months (months 9, 10 and 11). In the northern

subdomains East Europe and West Siberia, there is on average a strong warm bias in December and January for ALARO-0,

reaching a maximum of respectively 4.1 °C and 5.8 °C during December. During winter months (months 12, 1 and 2) REMO

simulates temperatures within the uncertainty range for West Siberia and underestimates the temperatures on average by 1.4

°C in January over East Europe. REMO simulates warm biases around 2 °C in December and January over East Siberia. On

average there is no strong warm bias observed for ALARO-0 during the winter months in East Siberia due to the compensation

effect of cold biases, both in time (Fig.4) and space (Fig. 2). Furthermore, there is a remarkable cold bias observed for ALARO-

0 during spring (months 3, 4 and 5) and June in the northern subdomains East Europe, West Siberia and East Siberia, reaching
up to -7.3 °C over East Siberia during April. REMO is performing well during spring months over the northern subdomains.

Compared to the northern subdomains, ALARO-0 simulates the annual cycle better for the southern subdomains West Central

Asia and Tibetan Plateau but slightly overestimates the amplitude of the annual temperature cycle. REMO simulates the mean

temperature very well over the West Central Asian subdomain with only a slight overestimation of the temperatures in July

and August. In the mountainous area of the Tibetan Plateau REMO underestimates the temperatures, except for January and
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December. The better results in spring, summer and autumn for ALARO-0 over the subdomain Tibetan Plateau are due to

spatial averaging of cold biases in the northern Himalayas and warm biases over the Taklamakan Desert and the opposite is
true for REMO during winter (Fig. 2).
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Eigure 4: Annual cycles of the mean, minimum and maximum temperature for both RCMs (ALARO-0 and REMO) compared to
the ERA-Interim reanalysis, MW and CRU observational data over five subdomains.

3.2 Diurnal temperature range

3.2.1 Annual and seasonal means over CAS-CORDEX domainMinimum-termperature

The diurnal temperature range is found by subtracting the minimum temperature from the maximum temperature. Therefore,

minimum and maximum temperature are first discussed and then conclusions for the diurnal temperature range are deduced.

Similar as-ferto the mean temperature, the modelled daily minimum temperature averaged over the different seasons and years
during 1980-2017 is compared with the observational CRU data. At the annual scale, the bias of the minimum temperature
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ranges mostly between -3 °C and 3 °C for REMO and between 0 °C and 5 °C for ALARO-0 (Fig. 5). Compared to ALARO-
0, the REMO model shows larger warm biases over Mongolia during all seasons, except for summer. These warm biases are

most pronounced during winter. ALARO-0 shows as well large biases up to 15 °C, but they cover the northern part of the

domain while the warm biases for REMO cover the eastern part of the domain. Moreover, strong cold biases are present in the

north during spring for both models, but they are more pronounced for the ALARO-0 model with biases up to -10 °C in the

north-eastern part of the domain.

temperature-than-H-was-the-case-for-the-mean-temperature—During the summer season the biases for the REMO model are
limited between -5 °C and 7 °C except for the Himalayan mountain rangesmal, while the ALARO-0 model output has, except

for the Himalayas, a cold bias up to -7 °C in the north-western part of Russia and warm bias up to 10 °C in the southern and
eastern part of the domain etherregions-(Fig. 54). -FeHewing-the-main-trend-these-warm-biases-have-a-larger-magnitudefo

entire domain, except for the cold biases in the mountainous areas, the Arabian Peninsula, northern Iran and for REMO also

in the central northern part of the domain. The increased minimum temperatures obtained with the RCMs indicate that they do
not capture the coldest diurnal temperatureswhich-was-het-the-case-for-mean-temperature—Fhe-warm-minimum-temperature

The metrics in Fig. 6 show that the RCMs simulate the minimum temperature spatially well for annual and seasonal means.

ALARO-0 has at annual and seasonal scale, except for summer, a slightly better spatial pattern correlation with the minimum

temperatures of the CRU dataset than REMO. On the other hand, REMO better simulates the variability and mean minimum
temperature, except for autumn where ALARO-0 simulates the variability better (Fig. 6 and Table 3).
The maximum temperatures are underestimated by both RCMs and this underestimation is more pronounced for ALARO-0

than for REMO at the annual scale and for all seasons (Fig. 7 and Table 4). Figure 7 shows that the cold bias is especially

present in the northern part of the domain during spring and to a lesser extent during summer for both RCMs. In autumn the

cold bias in the north is limited to -3 °C, but some stronger biases up to -7 °C appear in the north-east for the ALARO-0 model.

The warm biases during autumn are limited to 5 °C and excluding the Himalayas, the smallest range in biases is obtained for

both RCMs during this season. During winter, a negative spatially averaged bias of -0.77 °C is obtained for the mean maximum

16



410 temperature of ALARO-0 and a small positive bias of 0.08 °C for REMO (Table 4). These limited spatial biases are obtained

by biases with an opposite sign in different parts of the domain. REMO has cold biases in the north-west and warm biases in

the east, except for the Tibetan Plateau, while ALARO-0 produces warm biases in the north and cold biases in the south-west

and north-east.
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Figure 54: On the left: minimum air temperature (°C) at 2 m height over the CAS-CORDEX domain based on the observational
CRU dataset for the 1980-2017 period on annual level and for winter (DJF), spring (MAM), summer (JJA) and autumn (SON). In
the middle: temperature difference (°C) between the simulated REMO minimum temperature and the CRU minimum temperature.
420 On the right: temperature difference (°C) between the simulated ALARO-0 minimum temperature and the CRU minimum
temperature.
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Figure 56: Normalized Taylor diagram representing the model performance of the minimum temperature for seasonal and annual

means for both RCMs (ALARO-0 and REMO) with respect to CRU.
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Figure 67: On the left: maximum air temperature (°C) at 2 m height over the CAS-CORDEX domain based on the observational
CRU dataset for the 1980-2017 period_on annual level and for winter (DJF), spring (MAM), summer (JJA) and autumn (SON). In
the middle: temperature difference (°C) between the simulated REMO maximum temperature and the CRU maximum temperature.
On the right: temperature difference (°C) between the simulated ALARO-0 maximum temperature and the CRU maximum
temperature.
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450 Figure 8: Normalized Taylor diagram representing the model performance of the maximum temperature for seasonal and annual
means for both RCMs (ALARO-0 and REMO) with respect to CRU.

Figure 87 shows that both models have an acceptable model performance for maximum temperature over the CAS domain,
since the spatial pattern correlation is high and the normalized RSV is mostly close to 1. Additionally, it is seen that both

RCMs overestimate the normalized RSV of the maximum temperature (Fig. 78). Fhis-differsfrom-the-mean-temperature-where
455 v W tg—3)—Based on Fig. 76 and 8%, both RCMs simulate best

460

465

by-beth-REMs- In general the minimum temperature (Table 3 and Fig. 4) shows warmer biases than the mean temperature

(Table 2 and Fig. 2) and the maximum temperature (Table 4 and Fig. 6) shows colder biases compared with the mean

temperature over the different seasons. From this can be concluded that both minimum and maximum temperatures are

simulated less extremely by the models over most of the domain compared to the observational CRU dataset. In other words,

470 the daily temperature range is generally underestimated by both RCMs.
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3.2.2 Annual cycles over subdomains

Moreover, the annual cycles in Fig. 4 show that both minimum and maximum temperatures are overestimated by ALARO-0

during winter in the northern part of the domain, while they are underestimated during spring. In summer the model is able to

restore its balance and to simulate temperatures as they are observed. For REMO the maximum temperature is underestimated

during winter, spring and summer in East Europe, while the minimum temperature is only strongly underestimated during

winter. REMO overestimates the minimum temperatures during the complete annual cycle for East Siberia, while the

maximum temperatures in East Siberia are only overestimated during winter and underestimated during spring and summer.

Both RCMs underestimate the maximum temperatures for the entire annual cycle over the Tibetan Plateau subregion. ALARO-

0 underestimates the minimum temperatures during the winter months and overestimates them during the summer months,

while REMO slightly overestimates winter and underestimates summer minimum temperatures.
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3.34 Precipitation

3.3.1 Annual and seasonal means over CAS-CORDEX domain

In Table 5, the spatially averaged precipitation over the 1980-2017 period is given for CRU. and-tThe relative biases of the
RCMs with respect to CRU during the different seasons and on annual level are presented as well. For both RCMs the overall

bias for precipitation is dry, except for REMO in spring. Figure 9 shows that the annual precipitation for both models lies

mostly within the spread of the different reference datasets. Furthermore, a strong wet bias is present during winter for both

RCMs over the south-eastern region and for REMO this wet bias extends even further up north to the Russian-Mongolian

border. This large wet bias during the winter is partly due to the low precipitation quantities in several regions e.qg. less than 5

mm per month in the Taklamakan and Gobi desert regions. The largest relative biases can be found in relatively dry regions
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495 and therefore the absolute biases are presented in the supplementary material Fig. S2 and Table S2. When the absolute bias

during winter is examined, then it is seen that REMO only simulates a very small absolute overestimation in precipitation over

Mongolia and the northern part of China, but both RCMs do overestimate the precipitation in the South-East Asian monsoon

region during winter and spring (Fig. 9). The wet bias of the ALARO-0 model in the south-eastern CAS-CORDEX region is

situated within the spread of the different reference datasets (Fig. 9 and 11). In summer, when most rain falls due to the East
500 Asian Monsoon, a dry bias is present (Fig. 9 and S2).

nFig—8—} hown-that-this-wet-biasfor-REMO-d
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Figure 89: Left: mean monthly precipitation amounts (mm month-1) over the CAS-CORDEX domain based on the observational
CRU dataset for the 1980-2017 period on annual level and for winter (DJF), spring (MAM), summer (JJA) and autumn (SON). In
the middle: relative difference between the average annual and seasonal CRU precipitation and the precipitation simulated by
REMO and ALARO-0 (%). Right: the range in precipitation (%) between the different reference datasets (CRU, MW, GPCC and
difference beta he erage seasoh a¥al nrecipi iopn{mm-m -3 ini i

ERA-Interim)Rela
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510 Next to these biases in the monsoon region, both models show dry biases over the Tarim basin and the south-western part of

the domain during spring and summer. The Taklamakan and Arabian deserts are located here, which are already dry regions

in the CRU dataset (Fig. 9). The absolute biases over this region are less pronounced in Fig. S2. In addition, both RCMs have

a dry bias in the northern part of the domain during summer, which is the strongest dry bias in this region over the different

seasons in absolute precipitation deficiency (Fig. S2).

515 From Fig. 10 can be deduced that ALARO-0 is better than REMO in capturing the annual and seasonal variations in

precipitation since the RSVs are closer to 1. Additionally, ALARO-0 better captures the spatial patterns since the correlations

are larger than those for REMO. The dry biases for ALARO-0 in Table 5 are thus caused by the simulation of systematically

less precipitation compared to CRU over most parts of the domain (Fig. 9 and 11). Both RCMs show the largest error in

normalized RSV during spring. This too large spatial variation is due to an overestimation of the precipitation in the wettest

520 region combined with an underestimation in the driest region of the CAS-CORDEX domain (Fig. 9). During summer, both

RCMs underestimate the variability in precipitation (Fig. 10).
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Figure 109: Normalized Taylor diagram representing the model performance of precipitation for seasonal and annual means for
both RCMs (ALARO-0 and REMO), gridded observational datasets (MW, GPCC) and the ERA-Interim reanalysis data with
respect to CRU.

545

The annual cycles over the subdomains show that ALARO-0 and REMO indeed mostly underestimate the precipitation values

of CRU in the different subdomains, but for East Europe and the Tibetan Plateau the precipitation amounts are higher than

those of MW and GPCC and are thus within the range of observational spread (Fig. 11). ALARO-0 does underestimate the

precipitation slightly in May and June over West Siberia and in June and July over East Siberia. For the West Central Asian

565 subdomain, both RCMs underestimate the precipitation in spring and summer. REMO overestimates the precipitation slightly

29



over the East Siberian subdomain in spring. Additionally, it is seen that REMO is unable to simulate the annual cycle of

precipitation correctly over the subdomain of the Tibetan Plateau (Fig. 11). The precipitation rates are too high, except during

the summer when the Asian Monsoon takes place.
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570 FEigure 11: Annual cycles of precipitation (mm/month) for both RCMs (ALARO-0 and REMO) compared to the ERA-Interim
reanalysis, MW, GPCC and CRU observational data over five subdomains.

4 Discussion
4.1 Temperature

575 4.1.1 CAS-CORDEX domain
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When comparing we—compare-the above results fer—of temperature with the other reference datasets (Fig. 3), then-the
normalized standard deviation of ERA-Interim and MW deviate-differs less from CRU than the RCMs de-during spring and
summer—(Fig—3). This implies that the deviation in spatial variation of temperature between the RCMs and CRU cannot be

completely explained by the observational uncertainty, meaning that the data of the RCMs deviates from the observations and
can be improved. The spatial correlations between CRU and ERA-Interim or MW are close to those between CRU and the
RCMs, which indicates that the RCMs are able to reproduce the spatial temperature patterns very-well, even though they were
slightly deviating from the spatial temperature patterns in the CRU data. The latter can also be explained by the spread of the

reference datasets in Fig. 2: larger biases between the RCMs and CRU are especially located in regions where the spread

between the different reference datasets is high, which means that there is a large observational uncertainty at those locations.

Figure 3 shows that the larger RSVs of the RCMs during summer are partly due to an underestimation of the variability in the

CRU dataset since the ERA-Interim and MW data show both a slight overestimation compared to CRU. In addition, it is seen

that the observed spatial patterns are less reliable during summer since the two other reference datasets both show a lower

spatial correlation with CRU during summer compared to the other seasons. The lower performance of the RCMs during

summer can thus partly be explained by the observational uncertainty in spatial variation of temperatures. This is more

pronounced for the summer season since the spatial variation in temperature is lower during this season. Ozturk et al. (2016)

reported a lower spatial correlation during summer with RegCM4.3.5 at 0.50° horizontal resolution. Additionally, similar high

spatial correlations are obtained during the different seasons for ALARO-0 and REMO at 0.22° horizontal resolution when

compared to the results of Ozturk et al. (2016). Zhu et al. (2020) obtained spatial correlations that are slightly lower than those

obtained for ALARO-0 and REMO. They obtained a slightly larger spatial variation during winter and similar results for the

spatial variation in summer and on annual level. Although, it should be mentioned that their domain is smaller than the CAS -

CORDEX domain and they used a different observational dataset which makes comparison difficult.

Larger differences between temperatures of the reference datasets in the region of the Tibetan Plateau (Fig. 2) were also
observed by Ozturk et al. (2012 and 2016) and Russo et al. (2019) and this is due to the fact that gridded data is based on

measurements of meteorological stations in the valleys (New et al., 1999). This is the case for the gridded observational data

of CRU and MW (Fig. 4). The gridded observations are thus less reliable over the Himalayas and Tibetan Plateau and cause a

bias of the RCMs within the range of observational uncertainty. Further, the amplification of the biases over the mountainous

regions for the RCMs can be attributed to the used assumption of the lapse rate of 0.0064 K m-1 for the elevation correction

(Kotlarski et al., 2014).
When comparing the mean spatial biases for the 1980-2017 period (Table 2), then it is seen that the differences between the

observational datasets are smaller than the differences between the RCMs and CRU, except for autumn for both RCMs and

for REMO on the annual level. Additionally, Fig. 2 and 4 show that for most parts of the domain the mean temperatures of

ALARO-0 and REMO are lying within the range of spread between the reference datasets during autumn. From this we
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conclude that both RCMs simulate temperatures in autumn within the range of observational uncertainty. During winter, spring

and summer none of the RCMs are able to reproduce temperatures that can be completely explained by the observational

uncertainty (Fig. 2 and Table 2).

In the following subsection the temperature biases over snow covered areas during winter and spring are explained. For summer

temperatures, Russo et al. (2019) found with COSMO-CLM 5.0 a spatial pattern with a cold temperature bias in the north and

warm biases in the southern part of the domain except for some locations on the Tibetan Plateau, which is similar to ALARO-

0. In general both ALARO-0 and REMO produced biases within a similar order of magnitude as was obtained with other
RCMs over the CAS-CORDEX region (Russo et al., 2019) and Central Asian subdomains (Wang et al., 2020; Zhu et al.,

2020).

4.1.2 Spring and winter biases in northern subdomains

The cold bias for REMO during winter over the East European subdomain is likely due to the surface treatment of the model

when there is snow (Pietikdinen et al., 2018). Pietikiinen et al. (2018) already reported that the thermodynamics of the snow

layer plays an important role in the cold bias that appears over East Europe during the months when snow cover is present.

Although this cold bias occurs in the north-west, both models are producing on average temperatures that are too warm in
winter and too cold in spring (Table 2).
New et al. (1999) mentioned that CRU contains colder temperatures in winter over Russia. The range between the different

reference datasets is larger for the East Siberian subdomain, indicating that there is a larger uncertainty for this subdomain

during winter. This observational uncertainty could explain the warm biases for both RCMs over the mountain ranges Altai,

Yablonovy and Stanovoy since the spread between the reference datasets is larger than the obtained biases (Fig. 2). However,

this is not the main reason for the warm bias over Russia since the spread between the reference datasets is smaller than the

obtained biases.
Moreover, during winter the RCMs simulate warm biases in different regions, while in spring they both show a cold bias over

the north (Fig. 2 and 4). Compared to the northern part in the CAS-CORDEX region, a similar warm bias during winter was
found over Scandinavia in the EURO-CORDEX runs with ALARO-0 (Giot et al., 2016). Both regions have a similar climate

which suggests that similar physical processes might be at the basis of these biases. The warm bias during winter and cold bias

during spring in the north-eastern part of the domain are not due to a shift in the annual cycle in the northern part of the domain,

although there is a delay in warming temperatures during spring.

A limited warm bias arises in the north during autumn, when the first snow cover appears over this region. This bias increases

when the snow covered region expands. ALARO-0 seems to underestimate cooling above snow cover during stable conditions

(Fig. 4). Masek (2017) linked too warm temperatures above snow to the used single layer snow scheme (Douville et al., 1995).

REMO is using a multi-layer snow scheme and does not encounter this problem.

A similar strong warm bias in the north, as found for ALARO-0 in winter, was also found by Ozturk et al. (2012) and Russo
et al. (2019) for the RegCM and COSMO-CLM 5.0 models, respectively. Ozturk et al. (2012) related this warm bias to
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shortcomings in the simulation of snow, whereas Russo et al. (2019) found that changes in the snow scheme did not affect the

simulation results significantly and did not reduce the warm bias in the north-east during winter. This shows that a complexer

multi-layer snow scheme might not be enough to solve the warm bias for ALARO-0 during winter. Therefore, further

investigation should be done to see whether the warm bias in winter over the northern part of the domain is due to the inabil ity

of the current snow scheme to reproduce the heat conductivity of snow.

In spring, the warm temperature bias of the ALARO-0 simulation over the northern subdomain evolves into a significant cold

bias. This remarkable evolution is probably related to another issue related to the snow scheme as we find a delay in the

springtime melting of the snowpack (not shown). Additionally, ALARO-0 simulates too high pressure values over the northern

area (not shown). Further research is needed to clarify whether this overestimation of the Siberian High in the ALARO-0

simulations is coupled to the difficulties with the snow cover.

4.2 Diurnal temperature range

Spatially averaged biases are warmer for the minimum temperature and colder for the maximum temperature, when compared

to those of the mean temperature (Tables 2, 3 and 4). This is due to the fact that both RCMs produce seasonal and annual

means over the domain which are generally warmer for the minimum temperature and colder for the maximum temperature

than it was the case for the mean temperature. This causes a stronger warm bias in winter for the minimum temperature and a

stronger cold bias for maximum temperature in spring, which is especially visible in the northern part of the domain for the
ALARO-0 model (Fig. 2, 5 and 7). Moreover, the cold bias in the north during spring for the ALARO-0 model is weaker for

the minimum temperature than for the mean temperature. The REMO model shows warmer biases over Mongolia during
winter and spring for minimum temperature and colder biases in maximum temperature in the north during spring when

compared to the mean temperature.
Although the magnitude of the biases is different for mean, minimum and maximum temperature, similar spatial patterns are

found in the biases of both RCMs over the different seasons and for the annual mean (Fig. 2, 5 and 7). This means that these

variables are spatially highly correlated with each other in both models and observations. When comparing the metrics in Fig.

6 and 8 to those of the mean temperature (Fig. 3), then it is seen that the metrics of mean, minimum and maximum temperature

are similar for both RCMs during the different seasons. However, both RCMs overestimate the normalized RSV of the

maximum temperature for all seasons (Fig. 8), which differs from the mean temperature where ALARO-0 and REMO

underestimated the normalized RSV during winter (Fig. 3). This indicates that there is a slightly larger spatial variation in

winter maximum temperatures simulated by the RCMs with respect to CRU, while for mean temperatures a smaller spatial

variation is simulated. Additionally, both minimum and maximum temperatures have a similar temporal pattern as for the

mean temperature, e.g. the smallest range in mean, minimum and maximum temperature biases is obtained in autumn for both

RCMs (Fig. 4). Moreover, the underestimation of the minimum and maximum temperatures in spring is more pronounced for
ALARO-0 than for REMO (Fig. 4).
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The RCMs underestimate the diurnal range, which is similar to the findings over other regions (Laprise et al., 2003; Kysely

and Plavcova 2012). The underestimation of the diurnal range over the CAS-CORDEX domain was also observed by Russo

et al. (2019) for the winter and summer seasons. Their RCM produced smaller diurnal ranges compared to different

observational datasets and the comparison between the observational datasets pointed out that the observational uncertainty is

high for the diurnal range in the north-eastern part of the domain, which makes it difficult to evaluate the diurnal range

accurately over this area. In particular ALARO-0 shows a very small range in the diurnal cycle of temperatures due to very

high minimum temperatures (Fig. 4) and this could be due to the inability of the model to simulate temperatures correctly over
snow cover during stable conditions (Masek, 2017).

The evaluation of temperature and its diurnal cycle shows that a bias adjustment is essential before the climate data is applied

in impact modelling for some regions, e.g. Tibetan Plateau and East Siberia. The current research is done within the AFTER

project (Kotova et al, 2018). Within this project different bias-adjustment techniques are applied to the set of climate

simulations. This will enable impact modellers to optimally use our climate data in their models for crop production, biomass

production, etc.
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4.32 Precipitation

The precipitation of ALARO-0 and REMO iis for the majority of the grid points situated within the spread of the different

gridded datasets during the different seasons (Fig. 9). However, there are some subregions where the precipitation of ALARO-

0 and/or REMO exceeds the observational spread for a specific season. For example, both RCMs show slightly lower

765 precipitation amounts in summer over West Central Asia compared to the different reference datasets (Fig. 11). Ozturk et al.

2012) and Russo et al. (2019) obtained similar seasonal patterns in precipitation, with their model simulations at a horizontal

resolution of 0.50° and 0.22°, respectively. They also obtained a dry bias in summer over the north-western and south-western

part of the domain. Additionally, an excess of precipitation was simulated over the mountainous areas of the Asian monsoon

region during winter, spring and autumn, while in summer a dry bias was observed in mountainous areas except for some parts
770 of the Tibetan Plateau (Ozturk et al., 2012; Russo et al., 2019).
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ALARO-0 and REMO produce smaller spatially averaged precipitation biases over the CAS-CORDEX region at a horizontal

resolution of 0.22° than the RegCM4.3.5 model at a resolution of 0.50°, except during summer (Ozturk et al., 2016). The

spatial correlations between CRU and REMO are similar to the values obtained with RegCM4.3.5, except for winter where

REMO has a higher spatial correlation (Fig. 10). ALARO-0 obtains higher values for the spatial correlations and they are close

to those of the other observational datasets.

The overestimation of precipitation by the RCMs over the Himalaya, Altay, Tian Shan and Kunlun Mountains on annual level

is partly due to the fact that gridded observational datasets CRU, MW and GPCC underestimate the precipitation over these

mountainous regions. It is a known feature that the accuracy of gridded precipitation datasets decreases with elevation,

especially when the altitude of 1500 m is reached (Zhu et al., 2015). This explains as well why the gridded observational

datasets show a drier environment than the ERA-Interim reanalysis dataset in the eastern part of the domain (East Siberia and
Tibetan Plateau), particularly during spring (Fig. 11) (Hu et al., 2018). Moreover, this pronounced difference during spring
between the observational gridded datasets on the one hand and the RCMs and ERA-Interim reanalysis data on the other hand

explains why the scores with respect to CRU are worse during spring (Fig. 10). This difference between the observational and

reanalysis datasets makes it difficult to draw sound conclusions over the south-eastern part of the domain during spring, when

the monsoon takes place.
It is known that CRU data shows higher precipitation rates at most of the grid points in eastern Russia due to poor station

coverage (New et al., 1999). This overestimation of precipitation in the CRU data causes a larger spread in variability, which

explains why the RCMs underestimated the spatial variation only during summer (Fig. 10). When averaging over the complete

domain, then the output of both ALARO-0 and REMO iis within the range of the spread between the reference datasets for the

different seasons (Table 5).
Table 5 and Fig. 11 show that CRU contains higher precipitation amounts compared to the two other observational datasets

MW and GPCC. This explains the systematic dry bias that was found for ALARO-0 during all seasons when compared to

CRU (Table 5). The underestimation in precipitation by ALARO-0 during spring in the north-eastern part of the domain might

be related to the Siberian High that remains too strong during spring (not shown). REMO simulated wetter circumstances with

respect to all reference datasets over East Siberia during spring and over the Tibetan Plateau during all seasons except for

summer (Fig. 11). The wet bias over East Siberia during spring is in absolute values very low when compared to the subdomain

Tibetan Plateau (Fig. 11 and S2). Russo et al. (2019) found a similar spatial pattern of a wet bias during winter (autumn and
spring were not discussed) over the south-eastern region with their COSMO-CLM model as presented here for REMO (Fig.
9).

The precipitation amounts of REMO tend in the north more towards those of ERA-Interim (Fig. 11). The similarities between

ERA-Interim and REMO for precipitation are probably due to the fact that both use a modified convection scheme that is based
on Tiedtke (1989) (Table S1; www.ecmwf.int, consulted on 07/07/2020), while ALARO-0 uses the 3MT cloud microphysics
scheme and shows a different behaviour. For example, the weak wet bias which was observed in the north-eastern part of the
domain during spring for REMO and not for ALARO-0 is also visible in the ERA-Interim data, but not in the MW and GPCC
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805 data (Fig. 11). Additionally, REMO is not able to reproduce the annual cycle of precipitation over the Asian monsoon region.

Remedio et al. (2019) found as well a shift in precipitation for REMO over the subtropical region where the Asian monsoon

takes place with wetter winter and spring seasons and a drier summer season.

It can be concluded that REMO and ALARO-0 simulated precipitation for the different subregions and seasons mostly within

the range of the observational spread, although it should be mentioned that the observational uncertainty is large. MW, GPCC

810 and ERA-Interim deviate more from CRU than it was the case for temperature, resulting in a larger observational uncertainty

for precipitation. Russo et al. (2019) showed additionally that the influence of observational datasets on the RSV is larger for

precipitation than for temperature. Moreover, both models are worse in simulating the spatial correlation of precipitation (Fig.

10) compared to the mean, minimum and maximum temperature (Fig. 3, 6 and 8). The lower accuracy of simulated

precipitation is due to the fact that precipitation is less systematically affected by land cover and topography compared to

815 temperature (Kotlarski et al., 2014). Furthermore, the uncertainty range and error in the observational products should be
restricted in the future to improve the evaluation of precipitation (Russo et al., 2019).Fable-5-and-Fig—tt-show-that CRY

verestimates-the-precip on-amoun nee-the two-other-observational-d a MA\ALand P have ono-drvb
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4.3 Outlook B { Formatted: Normal

5 Conclusion

The evaluation over the CAS-CORDEX domain of ALARO-0 and REMO, run at 0.22° resolution, showed that both RCMs

reproduced in general realistic spatial patterns for temperature and precipitation. Both RCMs perform best during autumn,

showing biases within the range of observational uncertainty for temperature and precipitation. Nevertheless, there are

900 significant biases in several regions during several seasons e.g. a warm bias in the north during winter and a wet bias in spring
over the Asian monsoon region. For ALARO-0 the northern part of the CAS-CORDEX domain is subject to significant positive
temperature biases in winter, followed by large negative temperature biases in spring. This behaviour is probably linked to

limitations of the used snow scheme. The evaluation of minimum and maximum temperatures showed that the RCMs

underestimate the daily temperature range. This illustrates the added value of taking more evaluation variables into account

905 than only the commonly evaluated variables mean temperature and precipitation.

The values of spatial variation and pattern correlation for mean temperature of both RCMs correspond closely to the values

obtained with other reference datasets. These metrics indicated a less good performance for precipitation data of the RCMs

since they deviated more from the reference datasets than it was the case for temperature. However, the different reference

datasets deviated more for precipitation from CRU, than for temperature which indicates that there is a larger uncertainty in

910 the spatial patterns of precipitation.
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We conclude that REMO and ALARO-0 can be used to perform climate projections over Central Asia since they perform

similarly to experiments with other models over the same domain. REMO is better than ALARO-0 in reproducing the seasonal
mean temperatures over the entire domain except during autumn, while ALARO-0 is very good in estimating the precipitation.
However, deficiencies described in this evaluation study should be kept in mind. Climate data produced by both RCMs can be

915 used for impact studies if a suitable bias adjustment is applied for those subregions where the RCMs perform less well e.g.

East Siberia and Tibetan Plateau.
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Code availability

The R code used for the analysis is available through: http://doi.org/10.5281/zenodo.3659717 (Top et al., 2020).
For the code of the ALARO-0 model we refer to the Code availability section in Termonia et al. (2018). More information

about the REMO model is available on request by contacting the Climate Service Center Germany (contact@remo-rcm.de).

Data availability

The climate data produced by ALARO-0 and REMO2015 have been uploaded to the ESGF data nodes (website:
http://esgf.lInl.gov/). In order to obtain the data, one of the nodes must be chosen. Thereafter, click on 'CORDEX' or search
for 'CORDEX' and then select the domain 'CAS-22" and the RCM model in the left column. The exact identifiers can be found
in Table S2 of the supplementary material.

The CRU data is available through (http://www.cru.uea.ac.uk). The MW data is freely available at:
http://climate.geog.udel.edu/~climate/ntml_pages/download.html  and  NetCDF  filess can be found here:
https://www.esrl.noaa.gov/psd/data/gridded/data. UDel_AirT_Precip.html: air.mon.mean.v501.nc and
precip.mon.total.v501.nc. The GPCC data can be accessed through: doi: 10.5676/DWD_GPCC/FD_M_V2018 025.
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Table 1: Overview of the used reference datasets.

Dataset Short Type Resolution  Used variables Frequency  Temporal Domain
name coverage
gridded Climatic CRU gridded 0.50° 2 m mean air temperature, monthly 1901 - global land mass
Research Unit TS station 2m maximum air temperature, 20148 (excluding Antarctica)
data 2 m minimum air temperature,
dataset (version 4.02) precipitation
Matsuura and MW gridded 0.50° 2 m mean air temperature, monthly 1900 - 2017  global land mass
Willmot, University station precipitation
data
of Delaware
(version 5.01)
Global Precipitation GPCC gridded 0.50° or precipitation monthly 1891 - 2016 global land mass
Climatology Centre Zt;tgon 0.25° (excluding Antarctica)
gridded dataset
(version 2018)
ERA-Interim ERA'- reanalysis  0.2570 2 m mean air temperature, monthly 1979 - 2017  global
Interim  data precipitation
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Table 2: Climatological mean CRU temperature (°C) for the 1980-2017 period over the CAS-CORDEX domain and biases (°C) of
the RCMs (REMO and ALARO-0) and the other reference datasets (ERA-Interim and MW) against those CRU means.

DJF MAM JA SON  Annual

CRU 935 587 1923 572 544
REMO - CRU 048 056 -033 001 0.1 - ( Formatted: Not Highight
ALARO - CRU 083 319 002 003  -0.60 ( Formatted Table
ERA-Interim—CRU 042 021 016 002 0.9 « [ Formatted: Not Highlight
MW - CRU 041 019 009 043 028 ( Formatted Table
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1255 Table 3: Spatial average over the CAS-CORDEX domain of climatological mean CRU minimum temperature (°C) for the 1980-2017

period and biases (°C) against those CRU means for REMO and ALARO-0.

DJF MAM JA

SON  Annual
CRU -14.43 -0.22 13.18 0.40 -0.20
REMO - CRU 0.77 -0.25 0.60 1.09 0.55 « [ Formatted Table
ALARO - CRU 2.85 -1.71 1.10 1.42 0.90
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Table 4: Spatial average over the CAS-CORDEX domain of climatological mean CRU maximum temperature (°C) for the 1980-2017

1260 period and biases (°C) against those CRU means for REMO and ALARO-0.

DIF  MAM  JNA  SON  Annual

CRU 429 1197 2534 1106  11.09

REMO-CRU 008 -124 -107 071 -0.74 « ( Formatted Table
ALARO-CRU  -077  -484  -146 -124  -2.08
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Table 5: Climatological mean CRU precipitation (mm month™) for the 1980-2017 period over the CAS-CORDEX domain and
relative biases (%) against those CRU means for the RCMs (REMO and ALARO-0), and the other reference datasets (ERA-Interim,
1265 MW and GPCC).

DJF MAM JA SON Annual

mean CRU 3038 4346 8703 4772 5226

‘ REMO-CRU -4 3. 28 11 1 - ( Formatted: Not Highlight
ALARO - CRU 9 a1 .25 -9 -16 ( Formatted Table

‘ JERA-Interim - CRU -10 3 -11 -10 -8 < [ Formatted: Not Highlight
MW - CRU -30 -28 -28 27 28 ( Formatted Table

‘ GPCC-CRU 81 %2 -7 30 29 - { Formatted: Not Highlight
( Formatted Table
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Table S1: Overview of the model specifications for the ALARO-0 and REMO RCM experiments used for this study.

ALARO-0

REMO

projection resolution

horizontal spatial
discretisation

vertical coordinate
levels

temporal
discretisation

time step

convective scheme

radiation scheme

turbulence vertical
diffusion

cloud microphysics
scheme

land surface scheme

institute

Lambert conical projection 0.22°

spectral on collocated grid

46 hybrid levels

semi-implicit semi-Lagrangian

450 s
3MT scheme

The Action de Recherche Petite Echelle Grande
Echell (ARPEGE)
Nebulosité (ACRANEB) scheme for radiation

A pseudoprognostic turbulent kinetic energy

Calcul Radiatif avec

(PTKE) scheme (i.e., a Louis-type scheme for
stability dependencies, but with memory,
advection, and autodiffusion of the overall

intensity of turbulence)

A statistical  sedimentation scheme for
precipitation within a prognostic-type scheme for
microphysics.

The

(ISBA) scheme

Interaction ~ Sol-Biosphere-Atmosphére

RMIB-UGent

rotated pole 0.22°

2M order finite differences on staggered
C-grid

27 hybrid levels

leap-frog with semi-implicit correction and
Asselin filter, semi-Lagrangian advection
120's

Tiedtke with modifications after Nordeng
and Pfeifer (Pfeifer, 2006)

Morcrette et al. (1986) and Giorgetta and
Wild (1995)

Louis-type with a higher order closure
scheme for the transfer coefficients of
momentum, heat, moisture and cloud water
within and above the planetary boundary
layer. Eddy diffusion coefficients are
calculated as functions of the turbulent
kinetic energy.

The cloud microphysical

Lohmann and Roeckner (1996).

scheme by

Based on the surface runoff scheme
(Hagemann,  2002),
(Kotlarski,  2007), and
phenology (Rechid, 2009)

HZG-GERICS (https://remo-rcm.de/)

inland  glaciers

vegetation




- subdomain East Siberia (ESB)

- subdomain West Siberia (WSB)

- subdomain East Europe (EEU)

—— subdomain West Central Asia (WCA)
- subdomain Tibetan-Plateau (TIB)
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Figure S2: Absolute difference between the average seasonal and annual CRU precipitation (mm month-1) and the precipitation
simulated by REMO and ALARO-0 over the 1980-2017 period.

Table S2: Climatological mean CRU precipitation (mm month) for the 1980-2017 period over the CAS-CORDEX domain and
absolute biases (mm month?) against those CRU means for the RCMs (REMO and ALARO-0), and the other reference datasets
(ERA-Interim, MW and GPCC).

DJF MAM JA SON Annual

CRU 30.38 43.46 87.03 47.72 52.26
REMO - CRU -1.23 133 -19.81 -5.24 -6.26
ALARO - CRU -2.74 -4.98 -21.54 -4.40 -8.45
ERA-Interim - CRU -2.90 1.25 -9.78 -4.61 -4.01
MW - CRU -9.06 -12.37  -2403  -13.06  -14.66
GPCC -CRU -9.43 -13.77 2320  -1411  -15.15
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Data

Identifier

ALARO-0
precipitation

Jtemperature

cordex.output. CAS-22.RMIB-UGent. CNRM-CERFACS-

CNRM-CMS5. historical.rlilpl. ALARO-0.v1.mon.pr

cordex.output. CAS-22.RMIB-UGent. CNRM-CERFACS-

minimum

temperature

maximum

CNRM-CM5.historical.rlilpl. ALARO-0.v1.mon.tas
Not available on the ESGF platform. Data can be
downloaded with the key “userGMDpaper1” from:
https://cloud.meteo.be/s/igRP2NFSfAWJas4dg

Not available on the ESGF platform. Data can be

temperature

REMO
precipitation

temperature

downloaded with the key “userGMDpaper1” from:
https://cloud.meteo.be/s/8YEg4LYIDmMX4EGF,

cordex.output.CAS-22.GERICS.ECMWF-
ERAINT.evaluation.rlilpl. REM0O2015.v1.day.pr
cordex.output. CAS-22.GERICS.ECMWF-

hdl:21.14103/2ecffe86-b5e4-359c-8¢c34-
e7152del7a43
hdl:21.14103/bf8468cf-b15c-3a20-ae42-

<

ERAINT .evaluation.rlilpl. REM0O2015.v1.day.tas

4c42b14e749c

minimum  cordex.output.CAS-22.GERICS.ECMWF- hdl:21.14103/74aa90a5-c99b-35f9-888e-
temperature  ERAINT.evaluation.rlilpl. REM0O2015.v1.day.tasmin acc0115dfc4d
maximum cordex.output. CAS-22.GERICS.ECMWF- hdl:21.14103/a72e5eal-533d-3685-b04d- <

temperature

ERAINT .evaluation.rlilpl.REM0O2015.v1.sem.tasmax

5e4ab162e065

[ Formatted: Not Highlight

[ Formatted Table

[ Formatted: Not Highlight

[ Formatted Table

[ Formatted: Not Highlight

[ Formatted: Not Highlight

[ Formatted Table

[ Formatted: Not Highlight

[ Formatted Table




