
Dear Prof. Jinkyu Hong, 

Many thanks for handling the review process for our manuscript. The time and effort devoted to our 

manuscript by you and the reviewers are very much appreciated.  

We have revised the manuscript carefully according to the reviewers’ comments and suggestions. In the 

following, we provide a point-by-point response. The original reviewer comments are in black regular 

font. Our responses are shown in blue italic font. Quotes from the revised paper are shown in blue bold-

face font. The edits are highlighted in the marked version of revised manuscript with yellow (reviewer 

#1) and green (reviewer #2). 

 

REVIEWER COMMENTS 

Reviewer #1: The paper by Seo and Dirmeyer, titled “Implementation of Multi-layer Snow Scheme in 

Seasonal Forecast System and Its Impact on Model Climatological Bias,” investigates the effects of 

implementing a multi-layer snow scheme on the climatological biases of a seasonal forecast system. 

Traditional single-layer snow schemes in land surface models often inadequately capture the insulating 

effects of snowpack, leading to warm and cold biases during winter and snow melting seasons. The 

study compares the performance of the Global Seasonal Forecast System (GloSea) versions 5 (single-

layer) and 6 (multi-layer) over a 24-year period. Findings reveal that the multi-layer snow scheme in 

GloSea6 shifts the snow melting season by two weeks, improving surface temperature, permafrost 

extent, and overall model climatology. This enhancement mitigates near-surface warming bias and 

improves precipitation simulation over snow-covered regions. 

➔ We thank the reviewer for the comments. We hope we have adequately clarified our descriptions 

and addressed the points raised. 

 

However, it overlooks critical differences in vegetation treatment between the Noah and Noah-MP 

models. Suzuki and Zupanski (2018, doi: https://doi.org/10.1007/s11707-018-0691-2) provide a 

thorough examination of the uncertainties in solid precipitation and snow depth prediction, which is 

highly relevant to this study. The differences between the land surface models are notable: the Noah 

model uses a one-canopy layer with a simple canopy resistance and a linearized energy balance equation 

representing the combined ground-vegetation surface, considering seasonal LAI and green vegetation 

fraction. In contrast, the Noah-MP model includes snow interception features such as loading-unloading, 

melt-refreeze capabilities, and sublimation of canopy-intercepted snow, along with a detailed 

representation of radiation transmission and attenuation through the canopy, within- and below-canopy 

turbulence, and different options for representing the biophysical controls on transpiration. Therefore, 

the changes affect not only snow-covered areas but also the global vegetation albedo and surface 

temperature. In their results, they report that the snow depth changes, but the snow water equivalent 

does not. The reason for the longer period of snow cover is believed to be due to the more accurate 

representation of radiation and turbulent fluxes beneath the vegetation canopy. Therefore, the multi-

layer snow model is not the critical factor in this case.  

➔ We agree that vegetation treatment is also a critical factor influencing snow physics in seasonal 

forecast systems. Compared with the Noah LSM, the improvement of snow simulation in the 

Noah-MP is due not only to the implementation of multi-layer snow scheme, but also to a semi-

tile subgrid scheme to separate vegetation and bare soil. However, this study has used JULES 

LSM, which is a community model developed by UK Met Office, rather than Noah and Noah-

MP LSMs. We have tried to correct any of confusion that may arise regarding the use of land 

https://doi.org/10.1007/s11707-018-0691-2


surface model.  

In both GloSea5 and GloSea6 models, there are no changes to vegetation treatment. The surface 

of each land grid box subdivided into five types of vegetation (broadleaf trees, needle-leaved 

trees, temperate C3 grass, tropical C4 grass and shrubs) and four non-vegetated surface types 

(urban areas, inland water, bare soil and land ice). Regarding Leaf Area Index (LAI), the 

ancillary parameters are derived from satellite data processed to be consistent with these land 

cover and plant functional type classifications.  

 

To enhance the completeness of your study, it is crucial to discuss the impact of vegetation treatment in 

addition to the multi-layer snow scheme. By addressing these points, the manuscript will provide a more 

holistic view of the improvements in seasonal forecast systems and their broader climate implications. 

➔ In this study, there is no modification of vegetation in GloSea5 and GloSea6 runs, but the model 

configuration for the vegetation is now briefly described in the manuscript. Thus, the 

information of prescribing vegetation according to plant function types has been added in Lines 

123-127 

“Other land surface physics are consistent in GloSea5 and GloSea6. For land surface types, 

five vegetation (broadleaf trees, needleleaf trees, C3 grasses, C4 grasses and shrubs) and four 

non-vegetated surfaces (urban, open water, bare soil and permanent land ice) are classified 

and the monthly climatology of leaf area index, derived from MODIS satellite product (Yang 

et al., 2006), is prescribed corresponding to the plant functional types. Snow is present on 

every land tile, including inland water when its temperature is below freezing.”  

* Yang, W., Tan, B., Huang, D., Rautiainen, M., Shabanov, N. V., Wang, Y., Privette, J. L., 

Huemmrich, K. F., Fensholt, R., and Sandholt, I.: MODIS leaf area index products: From 

validation to algorithm improvement, IEEE Transactions on Geoscience and Remote Sensing, 

44, 1885-1898, 2006. 

 

Specific Comments 

Introduction and Background: Please include a discussion on the handling of vegetation in land surface 

models, specifically contrasting the Noah and Noah-MP models. 

Methodology: Please provide detailed descriptions of the Noah and Noah-MP models, focusing on their 

treatment of vegetation and snow processes. In addition, please discuss how these differences might 

affect your results and the broader implications for climate modeling. 

Results and Discussion: Please analyze the impact of vegetation treatment on your findings, especially 

in terms of global vegetation albedo and surface temperature. 

Conclusion: Please emphasize the importance of considering both snow and vegetation processes in 

land surface models. 

➔ Both forecast models (GloSea5 and GloSea6) have used the JULES LSM, but several updates 

in the model physics are implemented. Neither Noah nor Noah-MP are part of the model 

configurations used here. Therefore, we try to reflect only the reviewer’s suggestion for 

describing the vegetation treatment in the JULES LSM.  

 



 

Reviewer #2: The paper “Implementation of Multi-layer Snow Scheme in Seasonal Forecast System 

and Its Impact on Model Climatological Bias” evaluated the retrospective seasonal forecast 

performance of the Global Seasonal Forecast System (GloSea) version 5 (GloSea5, with a single-layer 

snow scheme) and version 6 (GloSea6, with a multi-layer snow scheme) over a 24-year period (1993-

2016), focusing on the impacts of multi-layer snow scheme (GloSea6) versus single layer snow scheme 

(GloSea5) on the climatological biases of the seasonal forecast system. Results revealed that GloSea6 

more accurately captures the snow phenology, elongating the snow melting season by two weeks, which 

improves the simulations of soil moisture, surface temperature, surface evaporation and subsequent 

land-atmosphere coupling regime in mid-to-high latitudes. This enhancement mitigates near-surface 

warming bias and improves precipitation simulation over snow-covered regions during late spring to 

summer. The authors attributed this improvement to the multi-layer snow scheme in GloSea6, yet more 

analyses are necessary to exclude other model physics updates (including atmosphere, ocean and sea 

ice) to support this conclusion.  

➔ We thank the reviewer for the comments. We hope we have adequately clarified our descriptions 

and addressed the points raised. 

 

Major points: 

Snow cover is important in land surface modeling, besides the treatment of snowpack in single layer or 

multi-layer scheme, snow surface albedo and snow cover fraction (the percentage of a model grid that 

is covered by snow) are pivotal factors that influence the accumulation and melting of snow cover in 

climate models. How about the difference in these two factors in GloSea5 and GloSea6? 

➔ As reviewer pointed out, snow cover fraction is also a pivotal factor that balances energy 

budgets at the land surface by influencing snow surface albedo. However, snow fraction is not 

included in the list of standard model output, so that it is alternatively estimated by the surface 

albedo calculated by upward and downward shortwave radiation at the surface. Below, figures 

(added to the supplementary figure 1) show that GloSea6 simulates more snow in early March, 

and surface albedo increases around the end of March, compared with the GloSea5. It results 

from upward shortwave radiation rather than downward component. In other words, increasing 

snow amount leads to an increase of surface albedo due to higher fractional snow cover at the 

land surface about 10 days later. The description about surface albedo has been added in Lines 

265-267 with updated Fig. 1.  

➔ “The multi-layer snowpack also extends the area of snow cover, which leads to the increased 

surface albedo, where increasing snow amount leads to an increase of surface albedo at the 

land surface about 10 days later (SFs. 1a,b).”  



 

 

Why are surface soil moisture (SSM) simulated in GloSea5 are more than those in GloSea6 from 

October to March but the situation reversed (i.e., GloSea5 SSM less than GloSea6) after April, although 

the initial snow amount are close to each other on April 1st (Figure1a,b)? 

➔ Multi-layer snowpack, which has a role of soil insulator, increases the soil temperature during 

winter season due to inhibiting thermal energy exchange between land and atmosphere, which 

results in the reduction of energy transport from land to the atmosphere. The warm soil 

temperature increases the ratio of unfrozen soil – this liquid water is mobile in the soil matrix, 

unlike soil ice, so that less soil moisture is simulated in GloSea6 from October to March. To 

demonstrate this process, we carried out two sets of JULES offline simulation using single or 

multi-layer snow scheme for 24 years (2000-2023), where near-surface atmospheric forcing 

variables are utilized by ERA5 reanalysis, but the precipitation is used from IMERG data. The 

bottom figure represents the climatological annual cycle of surface soil temperature and frozen 

and unfrozen moisture contents over the Eurasian continent (0–130E, 45–55N). The result 

exhibits the multi-layer snow scheme leads to increased soil temperature and the larger 

partitioning of unfrozen soil moisture along with more total content of soil moisture. The 

description is added in Lines 274-277 

“In contrast, GloSea6 simulates less soil moisture throughout the snow-covered season, 

although the initial soil moisture condition is similar in both simulations. The warmer soil 

temperature in GloSea6, induced by the snow insulation effect, increases the fraction of 

unfrozen soil moisture. Unlike soil ice, liquid water in the soil remains mobile, contributing 

to subsurface runoff and potentially evaporation, resulting in drier soil.”  

 



In line 270-271, the author claimed that the weaker insulating effect of the single-layer snow scheme 

leads to warmer surface temperature during thin (snow melting or freezing season) snow cover (figure 

1c), in fact, during the freezing season from October to January when the air is colder than land surface, 

if the single-layer snow scheme provides a weaker insulating effect, it should lead to colder rather than 

warmer surface temperature. How to understand this contradiction? 

➔ Simply notating surface temperature confuses classifying surface soil and air temperature, so 

we add both results in Fig. 1c and 1d, respectively. During snow melting season, soil and air 

temperature in GloSea6 commonly become colder because the later onset of snow melting leads 

to abundant soil moisture. For the snow season, GloSea6 simulates warmer soil temperature 

and colder air temperature, which refers to that the multi-layer snow scheme hinders energy 

transport between near-surface atmosphere and the soil. During the snow peak season, the 

snow insulating effect also contributes to the increase of surface air temperature, but the 

direction is opposite. The warmer air during early spring cannot lose its heat to the soil due to 

insulation by the snowpack, allowing the air to remain warm. The main text has been modified 

to clarify the soil and air temperature responses in GloSea6 throughout snow freezing, peak, 

and melting seasons. The description is added in Lines 280-285 

“…the multi-layer snow scheme provides a stronger insulating effect, simulating 

significantly warmer soil temperature from snow cover onset through March, when air is 

colder than the land surface (Fig. 1c). In GloSea6, the colder surface air temperature during 

the snow freezing season is attributable to the energy interception between the air and the 

ground (Fig. 1d). The snow insulating effect also contributes to the higher air temperature 

during the peak snow season, limiting transfer of heat from air to soil due to the enhanced 

insulation by the multi-layer snowpack.” 

 

 

Figure2a shows that GloSea6 provides more surface soil moisture in mid-to-high latitudes of the 

northern Hemisphere, in addition to the positive evapotranspiration-precipitation feedbacks suggested 

by the authors (line 355), is it possible that the update in atmospheric physics in GloSea6 rather than 

the update of snowpack scheme from single layer to multi-layer results in more precipitation than 

GloSea5 in these regions (Figure 6a,b)? 

➔ To illustrate the physical sequence between land surface variables, we look into the climatology 

of 25-day running mean (removing high-frequency noises) time series of surface albedo and 

water budget terms in the runs initiated at each year of 1st March (Fig. 1e). On March 21, the 



surface albedo of GloSea6 becomes larger than that of GloSea5, and the increase in soil 

moisture due to the decrease in latent heat flux appears about 3 days later, and it can be 

confirmed that precipitation increases one day after the increase in soil moisture. Therefore, it 

can be confirmed that the change in snow melting due to the improvement in snow scheme 

sequentially affects other variables. This further description is added in Lines 287-291 

“To illustrate the physical sequence between land surface variables by the realization of snow 

physics, the time series of major water budget variables is compared between both 

simulations (Fig. 1e). The surface albedo of GloSea6 becomes larger than that of GloSea5 

at the end of March, which results in increased soil moisture about 3 days after. The increase 

in soil moisture resulting from the reduction in latent heat flux, with a subsequent rise in 

precipitation begins after the soil moisture increase.” 

➔ Moreover, to demonstrate the causality of the positive evapotranspiration-precipitation 

feedbacks, lead-lag correlation for the time series of the difference between GloSea5 and 

GloSea6 for surface soil moisture and precipitation is conducted (Fig. 1f). The highest lead-lag 

correlation coefficient is observed at +1 lead-lag day with statistically significant at a 99% 

confidence level. Therefore, the result demonstrates the abundant soil moisture over the mid-

latitude areas in GloSea6 enable increasing precipitation. Of course, whether this is a realistic 

response for a global model with parameterized convection is a separate matter. The 

description is added in Lines 292-294 

“The lead-lag correlation between soil moisture and precipitation shows statistically 

significant values at 0 and +1 lead-lag day and the 1-day lagged value is the highest (Fig. 1f). 

In other words, the increased soil moisture in mid-latitude regions due to snowmelt likely 

leads precipitation based on the positive evapotranspiration-precipitation feedback.” 

 

 

How to explain the deterioration of both bias and RMSE of Tmax and precipitation in GloSea6 with 

improved snow scheme in northeastern Eurasian continent (Figures 4e, 5f, 6f)?  

➔ In northeastern Eurasia, low Tmax and wet precipitation biases are observed in GloSea6. 

Although the positive bias of precipitation exists, as abundant soil moisture supplies enough 

moisture triggering convective rainfall, it does not significantly increase the RMSE of the 

modeled precipitation, however. On the other hand, the multi-layer snowpack has a cooling 

effect compared to the past zero-layer snow scheme, which further aggravates the cold bias 

observed in Glosea5 and significantly increases its RMSE. Thus, we look into the climatological 

seasonal cycle of Tmax over northeastern Eurasia (100-120E, 50-65N) (figure below). 

Comparing the observed seasonal cycle, GloSea5 and GloSea6 commonly represent systematic 

cold bias which is attributed by the initial condition problem. In particular, the colder initial 

states prescribed in GloSea6 exacerbate the cold bias. The description is added in Lines 374-

376 



“However, some errors are aggravated in GloSea6. For instance, in northeastern Eurasia, 

Tmax RMSE is significantly increased by an exacerbated cold bias, which is related to a cold 

bias in initial condition (not shown). The multi-layer snowpack reinforces this bias in 

GloSea6.” 

 

 

Minor points: 

Line 14 of the abstract, “permafrost extent” is not addressed in this study. 

➔ The permafrost extent is not covered in this study. It is not expressly quantified based on our 

research results, so that it is removed in the revised text and revised in Lines 13-15 

“In GloSea6, the snow melting season shifts two weeks later, delaying the onset of 

evaporation in the spring season. This slows soil moisture drying, resulting in the 

improvement in its climatology and memory.”  

 

Line 114, “single-layer snow scheme allows the surface layer of the atmosphere to directly access the 

heat in the soil” is not true when the snowpack is thick. 

➔ GL6, which is the LSM used in GloSea5, employs zero-layer scheme in which a single thermal 

store was used for snow and the first soil level, and an insulating factor was applied to represent 

the lower thermal conductivity of snow. The snow scheme itself included no representation of 

the thermal evolution of the snowpack. Because the past snow scheme has the single thermal 

store, we express it as “single-layer”, but it has clearly led to some confusion. Thus, “single-

layer” is replaced by “zero-layer” throughout the manuscript to avoid the confusion. Further 

description is added in Lines 114-117 

“In GloSea5, a zero-layer snow scheme permitted direct heat exchange between the surface 

layer of the atmosphere and the soil, utilizing a single thermal store for both the snow and 

the uppermost soil layer, with an insulating factor to account for the reduced thermal 

conductivity of snow. This scheme lacked a dynamic representation of snowpack evolution 

with the inadequate depiction of the snowpack's insulating properties.” 

 

Line 395, “(f)” should be “(c)”. 

➔ Thanks for pointing out this typo. We correct it in the caption of Fig. 8.   

 



Line 412, “winch” should be “which”. 

➔ It is also corrected in the updated manuscript.   

 

The title of this paper can be modified to be more appropriate for its content. 

➔ This study mainly demonstrates the improvement of model’s climatological fidelity with the 

realization of land-atmosphere interactions by implementing multi-layer snow scheme. Based 

on reviewer’s suggestion, we modify the title of this paper to “Improving land-atmosphere 

coupling in seasonal forecast system by implementing a multi-layer snow scheme”. 


