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ABSTRACT: We investigate the effect of systematic model biases on teleconnections influencing the Northern

Hemisphere wintertime circulation. We perform a two-step nudging and bias-correcting scheme for the dynamic variables

of the ECHAM6 atmospheric model to reduce errors in the model climatology relative to ERA-Interim. One result is a

significant increase in the strength of the NorthernHemisphere wintertime stratospheric polar vortex, reducing errors in the

December–February mean zonal stratospheric winds by up to 75%. The bias corrections are applied to the full atmosphere

or the stratosphere only. We compare the response of the bias-corrected and control runs to an increase in Siberian snow

cover in October—a surface forcing that, in our experiments, weakens the stratospheric polar vortex from October to

December. We find that despite large differences in the vortex strength the magnitude of the stratospheric weakening is

similar among the different climatologies, with some differences in the timing and length of the response. Differences are

more pronounced in the stratosphere–troposphere coupling, and the subsequent surface response. The snow forcing with

the stratosphere-only bias corrections results in a stratospheric response that is comparable to control, yet with an enhanced

surface response that extends into early January. The full-atmosphere bias correction’s snow response also has a comparable

stratospheric response but a somewhat suppressed surface response. Despite these differences, our results show an overall

small sensitivity of the Eurasian snow teleconnection to the background climatology.

KEYWORDS: Stratospheric circulation; Teleconnections; Stratosphere-troposphere coupling; Stratosphere; Climate

models; Model errors

1. Introduction

To make accurate seasonal forecasts we need to correctly

model both the atmospheric base state—the climatology—and

the response to persistent anomalies that can give information

about the future state of the atmosphere. A model’s response

to anomalies can be dependent on the model climatology,

meaning that errors in climatology can compound forecasting

errors. It has been proposed that Siberian snow cover extent

can influence European wintertime conditions via a strato-

spheric mechanism and thus allow for some seasonal fore-

casting (Cohen and Fletcher 2007; Butler et al. 2019; Cohen

et al. 2007) as follows: an increased Siberian snow extent

provides a thermal forcing to the lower atmosphere, resulting

in an increase in planetary waves. Planetary waves propagate

to the stratosphere and weaken the stratospheric polar vortex.

Finally, stratospheric anomalies propagate downward and

induce a negative Arctic Oscillation (AO) in the troposphere.

There is evidence for this snow–AO mechanism in obser-

vational studies, for both individual years (Cohen et al. 2010;

Orsolini et al. 2016; Tyrrell et al. 2019) and analysis of the

historical record (Douville et al. 2017; Henderson et al. 2018).

However, there is debate around the importance of the snow

cover extent for wave forcing (Henderson et al. 2018;Kretschmer

et al. 2016). Increased snow cover is often associated with the

warm Arctic–cold Siberia pattern and Ural blocking (Tyrlis

et al. 2019), which can also lead to enhanced wave flux and

weakening of the polar vortex (Peings 2019). The snow–AO

mechanism has been demonstrated in climate models when a

large snow anomaly is introduced into the model; however,

the response of the model tends to be weaker and occurs on

shorter time scales than in observations (Fletcher et al. 2007;

Tyrrell et al. 2018). The timing of the European response to

Siberian snow is an important aspect for seasonal prediction,

and while some observational studies show a connection be-

tween October snow conditions and January surface condi-

tions (e.g., Cohen et al. 2007; Furtado et al. 2015), modeling

studies show the response to October snow anomalies occurs

in November/December (Fletcher et al. 2007; Orsolini et al.

2016; Tyrrell et al. 2018). Tyrrell et al. (2019) also showed

similarly short timing in a case study of 2016 autumn, where a

largeOctober Siberian anomaly led to a weakened November

vortex, and propagation to the surface in late November/early

December. In addition, the mechanism has not been dem-

onstrated in models with freely evolving snow cover, such as

the CMIP3 or CMIP5 models (Hardiman et al. 2008; Furtado

et al. 2015).

If a robust Siberian snow–AO connection exists, then suc-

cessful simulation of the process requires a number of steps to be

modeled sufficiently well, beginning with the snow cover prop-

erties. The snow extent anomaly increases the albedo of the

surface and cools the near-surface air temperatures. Gong et al.

(2002) stated that the snowdepth does not significantly affect the

near-surface cooling; indeed, some model experiments simulate
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the snow-induced cooling by only changing the surface albedo

(Allen and Zender 2010). Hardiman et al. (2008) and Furtado

et al. (2015) showed that in the CMIP3 and CMIP5 models the

snow extent variability was well below observed, which they

theorized as a reason for the lack of the snow–AOmechanism in

these models. The low snow extent variance is dealt with in most

modeling studies by artificially adding a snow anomaly over a

large area (Gong et al. 2002).

The next step in modeling the snow–AO connection is the

enhanced upward wave flux from the troposphere to the

stratosphere, and the stratospheric wave–mean flow interac-

tion, which weakens the polar vortex. As outlined in Fletcher

et al. (2009) the cooling due to snow leads to domed isentropic

surfaces, which generate an upward-propagating Rossby wave.

Smith et al. (2010) varied the position of a surface cold anomaly

to show the importance of the latitudinal location of the in-

duced anomalous wave and the climatological stationary wave

for constructive interference to occur, which was crucial for a

strong zonal mean response. The examination of constructive

interference was extended by Smith et al. (2011), who found

that the lag between October snow anomalies and wave ac-

tivity was caused by initially unfavorable conditions for con-

structive interference, which transitioned in mid-November to

favor constructive interference, a process not captured in the

CMIP3 models.

Regarding vortex weakening by tropospheric wave forcing,

there is still discussion about the relative importance of

anomalous tropospheric waves, compared to the receptiveness

of the stratosphere to the climatological tropospheric waves.

The importance of the stratospheric communication layer, just

above the tropopause, is stressed in Birner and Albers (2017).

Work by de la Cámara et al. (2017) finds the 100- and 300-hPa

heat flux to be suitable proxies for troposphere to stratosphere

wave flux, and they conclude that model biases may affect

predictability, due to the importance of the stratosphere in

regulating wave propagation. Likewise, Tripathi et al. (2016),

in a multimodel study of the predictability of a specific sudden

stratospheric warming (SSW), suggest that biases in strato-

spheric winds may affect the predictive ability of a model.

Finally, we consider the downward propagation of a weak-

ened vortex (i.e., Baldwin and Dunkerton 2001) from the

perspective of climatological biases and the preconditioning of

the troposphere to a stratospheric signal. Gerber et al. (2009)

show that the surface response to a stratospheric anomaly is

dependent on the tropospheric variability in model experi-

ments. Karpechko et al. (2017) define downward- and non-

downward-propagating SSWs and find the lower-stratospheric

anomalies to bemost significant for predicting the tropospheric

response, and White et al. (2019) use a large number of SSW

events (;950) and found evidence of differences in the tro-

pospheric precursors, both zonal mean and regional, between

downward- and non-downward-propagating SSWs.

In this study we will test the response of the model to per-

turbations while bias-correcting the climatology. Nudging

techniques have been used for reducing biases, for example

through downscaling techniques (Eden et al. 2012; Schubert-

Frisius et al. 2017). The bias correction technique we have used

in this study differs in that it allows the model to freely respond

to perturbations, rather than being tightly constrained to the

nudging dataset. The bias correction technique was demon-

strated by Kharin and Scinocca (2012) and involves a training

stage where the dynamic variables of the model are nudged

toward reanalysis data. The nudging tendencies are recorded at

each time step and used to create a climatology of tendencies,

which represents the inherent model bias. During the bias

correction step the climatology of tendencies are subtracted

from the model, thereby reducing the bias. The technique has

been used by Simpson et al. (2013a,b) to study the impact of jet

latitude bias and the Antarctic polar vortex breakdown on the

persistence of the southern annular mode. A similar bias cor-

rection technique has also been used by Chang et al. (2019)

with atmosphere-only and coupled models. They study how

reduced global atmospheric biases affect a model’s climatol-

ogy, variability, and forecast skill, focusing on North America.

They found an improvement in the simulation of the North

Pacific jet and rainfall climatology, and a modest improvement

in seasonal forecast skill. Schubert et al. (2019) investigated the

geographical sources of model biases by systematically applying

bias corrections to different regions around the world, and found

that bias-correcting the atmosphere over the Tibetan Plateau

provided the largest improvements for North American climate.

All the various steps in the snow–AOmechanism rely on the

interaction between an anomaly and the background clima-

tology, an interaction that will be modulated by the location,

strength, and timing of both the anomaly and background

state. Hence, it seems likely that biases in a model’s climatol-

ogy will affect the simulation of the snow–AO mechanism.

In section 2 we outline the bias correction method and the

model experiments, and in section 3 the improvements to the

mean climate are shown. Section 4 discusses the model re-

sponse to a surface perturbation with the bias-corrected at-

mosphere, and a discussion and conclusions are given in

section 5.

2. Methods

a. Model details

All experiments use the ECHAM6 spectral atmospheric

model (Stevens et al. 2013), run with a horizontal truncation of

T63 and 95 vertical levels with a model top at 0.02 hPa. For the

training step of the bias correction we use observed SSTs and

sea ice from the HadISST dataset (Rayner et al. 2003) for the

years 1979–89. All other experiments use annually repeating

climatological monthly SSTs and sea ice. We compare atmo-

spheric fields of our model to the ERA-Interim dataset (Dee

et al. 2011).

b. Bias correction technique

The bias correction technique follows that described in

Kharin and Scinocca (2012, hereinafter KS12). It is a two-step

process. The bias correction terms are calculated during a

nudged ‘‘training stage’’ and then they are applied to a new

model run. For the training stage the three model variables are

nudged toward ERA-Interim; divergence, vorticity, and log of

surface pressure. The model is nudged for 10 years toward
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ERA-Interim to calculate the bias correction. Longer nudg-

ing periods were also tested but 10 years was found to be

sufficient to significantly reduce the biases. The technique

also allows for the temperature to be nudged and bias-

corrected; however, for the current setup our model became

unstable when bias-correcting the temperatures. The insta-

bility caused by the temperature bias corrections appeared to

be related to our model’s high vertical resolution in the

stratosphere, and we prioritized a high vertical resolution

rather than bias-correct the temperatures for this study. This

type of nudging and bias-correcting is well suited to spectral

models such as ECHAM, since it is possible to nudge, for

example, only the large horizontal scales, leaving smaller-

scale variability to adjust naturally. Following KS12 only

spectral wavenumbers below n 5 21 are nudged and bias-

corrected. The minimum wavenumber of n 5 21 is somewhat

arbitrary, although it represents the synoptic scale. Our aim

being to reduce the large-scale spatial biases and monthly to

annual biases in time, hence, nudging smaller wavenumbers is

unlikely to improve the biases we are interested in. The

strength of the nudging is controlled by the nudging relaxa-

tion time scale t and is different for each variable. The re-

laxation time scales are divergence, t 5 48 h, vorticity, t 5 24 h,

and log surface pressure, t5 24 h. These parameters were found

experimentally to minimize the bias. The model is run for 10

years toward ERA-Interim between 1979 and 1989, and the

nudging tendencies are recorded every 6 h. Each calendar

day for the 10 years is combined to create an annual cycle

of mean nudging tendencies. The annual cycle is then

smoothed in time with a Gaussian filter (s 5 25 days). The

magnitude of the nudging tendencies depends on the de-

viation of the model away from the reference state, in this

case ERA-Interim. Thus, the resultant field is an annual

representation of the inherent bias in the model’s winds

and pressure field.

In the second step this bias correction field is reintroduced

to the model as an additional tendency term at each time step.

In the nudging step the model is tightly constrained toward

the reference state, and thus the model is unable to respond to

any external forcings. In contrast, the bias correction terms are

independent of the current model state, which allows the

model to respond to forcings and have internal variability,

while still reducing errors in the mean state climate. Hence, the

bias correction terms are applied to the model for the entire

length of the runs, including for the runs with perturbed surface

properties. The response that is seen occurs within the im-

proved climatology, and the bias corrections remain the same

for the perturbed and nonperturbed runs.

The bias corrections were applied to the troposphere and

stratosphere (FullBC experiment; see details in Table 1), or

the stratosphere only (StratBC). Following KS12 we do not

nudge the model’s surface boundary layer; the nudging be-

gins at approximately 850 hPa. The upper limit of nudging

was limited by the vertical resolution of the ERA-Interim

data. Above the stratosphere the model has a greater ver-

tical resolution than ERA-Interim, so the model was not

nudged above ;2.6 hPa. The vertical range of the bias cor-

rections in the troposphere and stratosphere (i.e., FullBC

and FullBC_SNOW; see Table 1) was the same as the ver-

tical range of the nudging. Those same bias correction terms

were used for the stratosphere-only bias corrections (StratBC

and StratBC_SNOW), but they were set to zero in the tropo-

sphere and linearly increased over five model levels from ap-

proximately 100 to 70 hPa.

c. Forcing experiments

The response of the bias-corrected model was tested with

forcing experiments. A snow anomaly is prescribed over 408–
808N, 608–1408E, whereby snow cover of 100 kgm22 snow

water equivalent was added to the surface during October.

The snow cover was added instantaneously on 1 October, as

previous testing with gradually increasing snow showed no

significant differences. The snow cover was then allowed to

evolve freely after October, similar to the experiments de-

scribed in Tyrrell et al. (2018). The amount of snow and areal

extent are not intended to realistically model specific years or

events, but intended as an amplified forcing to test the re-

sponse of the atmosphere to this specific surface forcing.

Table 1 shows the six experiments, each 100 years long, all

using HadISST climatological SSTs and sea ice. One limita-

tion of this experimental setup is that extended Siberian snow

cover is often associated with the warm Arctic–cold Siberia

pattern, and the associated pressure field, which may con-

tribute to the snow anomaly (Cohen et al. 2014). The larger

context within which a snow anomaly usually occurs should

be considered when comparing directly to observations;

however, artificially adding snow still allows us to test the

importance of this specific forcing and isolate atmospheric

TABLE 1. Control and forcing experiments.

Expt name Bias corrections Snow anomaly

CTRL None None

CTRL_SNOW None October, 408–808N, 608–1408E
FullBC Divergence, vorticity, log surface

pressure; 850–2.6 hPa

None

FullBC_SNOW Divergence, vorticity, log surface

pressure; 850–2.6 hPa

October, 408–808N, 608–1408E

StratBC Divergence, vorticity; 100–2.6 hPa None

StratBC_SNOW Divergence, vorticity; 100–2.6 hPa October, 408–808N, 608–1408E
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response to snow anomalies from the pre-existing conditions

that are not a part of the response.

3. Bias corrections

Our perturbation experiments are expected to influence the

wintertime climate via the NH polar stratospheric vortex;

hence, we focus on the biases in that region (608–908N, 100–1

hPa). The improvements in the model climatology due to the

bias corrections are demonstrated in Fig. 1. Figures 1a–c show

the DJF zonal-mean zonal wind (uz) for the CTRL, FullBC,

and StratBC. The biases (i.e., CTRL 2 ERA-Interim) are

shown in Figs. 1d–f. The CTRL run (Figs. 1a,d) has a strong

negative bias in the NH polar vortex region, implying the

wintertime polar vortex is too weak. At 10 hPa, 608N, the bias

in DJF uz is 10.8 m s21. When the bias corrections are applied

to the troposphere and stratosphere (FullBC; Figs. 1c,f) the

bias in DJF uz at 10 hPa, 608N reduces from 10.8 to 2.7 m s21,

a 75% reduction in the bias. The bias is, somewhat unexpect-

edly, further reduced to less than 1 m s21 for the stratosphere-

only bias corrections (StratBC; Figs. 1b,e). The difference

between the FullBC and StratBC DJF biases is elucidated in

Fig. 2 in the daily zonal-mean zonal winds at 608N at 10 hPa

(uz60N). From October to mid-January during the growth

phase the vortices in FullBC and StratBC are slightly weaker

than ERA-Interim, and then during the decay phase (January

to February) the StratBC vortex is stronger than ERA-Interim.

Hence, the reduced seasonal mean bias for StratBC does not

indicate an overall improvement in the daily polar vortex cli-

matology relative to FullBC, but rather an overcompensation

during the decay phase.

The biases in surface pressure (Figs. 1g–i) of the CTRL run

show a too weak Aleutian low and too low pressure over

northern Europe. The RMSE for the DJF surface pressure

north of 208N for CTRL is 2.33 hPa. This bias is largely reduced

in FullBC, which includes bias correction of the tropospheric

FIG. 1. Bias corrections in the ECHAM6model. (top) DJF zonal-mean zonal winds (contours are for ERA-Interim 1979–2016; shading

indicates the model) for (a) CTRL, (b) StratBC, and (c) FullBC. (middle) Biases in zonal-mean zonal wind (model2 ERA-Interim) for

(d) CTRL, (e) StratBC, and (f) FullBC. The black star in (a)–(f) indicates the location of the uz60N 10-hPa index. (bottom) Biases in

surface pressure (model 2 ERA-Interim) for (g) CTRL, (h) StratBC, and (i) FullBC. Contours show ERA-Interim climatology for

1979–2016.
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pressure field. TheRMSE for FullBC is 1.43 hPa, a reduction of

38% compared to CTRL. The tropospheric pressure fields are

not bias-corrected in StratBC, but there is still some reduction

of the bias. The StratBC RMSE is 2.17 hPa, a modest decrease

of 7% compared to the CTRL run, indicating the improved

stratospheric climatology has a minor yet favorable influence

on the troposphere.

4. Model response with improved climatology

a. Evolution of the tropospheric to stratospheric response
to a snow anomaly

We now look at how the model responds to a snow anomaly

within the different climatologies. In Fig. 2a we use uz60N as a

measure of the strength of the vortex. The solid lines in Fig. 2

show the uz60N for the control runs, the dashed lines show the

snow anomaly runs, and the dotted line shows the difference

due to the snow anomaly with the colored shading indicating a

significance difference. The snow anomaly is applied during

October, and for all experiments the daily uz60N weakens from

around the middle of October. Despite a difference in uz60N of

up to 10 m s21 between the bias-corrected and control runs, the

magnitude of the weakening of uz60N due to the snow anomaly

is very similar across all experiments. However, there are dif-

ferences in the persistence of the weakened vortex. In the

FullBC_SNOW runs the vortex remains weaker until the end

of November, which is the shortest period of weakening. The

vortex in the CTRL_SNOW run remains weak until mid-

December, and then the StratBC_SNOW vortex appears to

persist into early January; however, even with 100-yr-long run

there is still a lot of intraseasonal variability in the climato-

logical mean time series. Given that the bias correction terms

tend to strengthen the vortex, one may expect that the weak-

ened vortex in the FullBC_SNOW run will recover more

quickly than the CTRL_SNOW run, since the bias correction

terms are constantly strengthening the vortex regardless of the

snow anomaly. However, the persistent weak vortex in the

StratBC_SNOW run indicates that a weak vortex can persist

with the bias corrections. Overall, the uz60N response to a snow

anomaly between the different climatologies is similar, show-

ing that the magnitude of vortex weakening due to an imposed

surface anomaly is not dependent solely on the vortex strength.

A Siberian snow anomaly is expected to influence the

stratosphere via anomalous vertical planetary wave activity

flux. To investigate the time evolution of the wave forcing we

look at the normalized values of the zonal-mean meridional

eddy heat flux (HF) at 100 hPa, 458–758N, a proxy for the

vertical component of the Eliassen–Palm flux (Newman et al.

2001). We also looked at the HF at 300 hPa, following de la

Cámara et al. (2017), who noted that HF at 300 hPa may be a

better proxy for troposphere to stratosphere wave activity flux;

however, we did not find any significant HF anomalies at

300 hPa (not shown). In Fig. 2b we see the anomalous HF for

the three climatologies, weighted with the standard deviation

of the runs without the snow anomaly. There is high variability

in the HF so that even with a large surface forcing in October

there is little to no significance at 100 hPa (at p, 0.05), but we

see values up to ;20% of the standard deviation in October

andNovember.We note that themaximum amplitudes of HF are

FIG. 2. (a) Daily zonal-mean zonal wind (m s21) at 608N, 10 hPa for ERA-Interim 1979–2016

(black line), the control runs (solid lines), and snow anomaly runs (dashed lines) and differ-

ences due to snow (dotted lines; colored shading indicates significant difference, p , 0.05).

(b) Difference between control and snow anomaly of HF at 100 hPa (dashed lines), 458–758N,

normalized by standard deviation of control runs (no units). Shading shows significance: p ,
0.05. Daily values smoothed with Gaussian window filter, s 5 7 days.
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similar between the different climatologies, but there are differ-

ences in the timing of the maximum amplitude. The time varia-

tions between the climatologies concur with uz60N anomalies. The

HF in the CTRL experiment has two peaks in mid-October and

early December. The uz60N anomalies integrate the wave forcing,

and thus there is a more constant weakening of the winds from

October to December, and the second peak likely causes the

vortex weakening to continue into December. The HF in FullBC

peaks only once in late October/early November, and without

additional wave forcing the vortex strengthens in December. The

HF in the StratBC experiment is weak during October before

peaking in November, which results in less vortex weakening in

October. However, the HF anomaly remains positive for all of

October, November, and early December, leading to a signifi-

cantly weakened vortex throughout November and December.

The geographical location of the anomalous wave forcing was

checked using the vertical component of the Plumb flux (Plumb

1985) at 100 hPa, shown in Fig. S1 in the online supplemental

FIG. 3. Monthly wavenumber-1 eddy geopotential height 408–708N, snow anomalies (shading; values masked for significance at p, 0.05

level), and climatology (contours) for (left) October, (center) November, and (right) December for (a)–(c) CTRL, (d)–(f) StratBC, and

(g)–(i) FullBC. (bottom) The longitudinal phase shift in the wave-1 climatology due to bias corrections in the control experiments (i.e., the

StratBC 2 CTRL difference, and FullBC 2 CTRL difference) for October–December.
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material. InOctober andNovember the snow-induced anomalous

vertical flux amplifies the climatological flux for all three experi-

ments, particularly above eastern Russia, indicating the increase

in HF is geographically collocated with the snow anomaly.

Tyrrell et al. (2019) showed that Siberian surface forcing of

the stratosphere is related to anomalous wavenumber 1 and

associated vertical wave flux, and in Fig. 3 we diagnose the

surface-forced wave structures by looking at the monthly

wavenumber-1 eddy geopotential height, averaged over the

latitude band 408–708N. For all experiments in October we see

the characteristic westward-tilting wave-1 structure, which is

associated with upward-propagating waves. The anomalous

waves are largely superimposed on the climatological waves,

leading to constructive interference. Smith et al. (2010) found

the location of a surface snow anomaly relative to the clima-

tology is important for troposphere to stratosphere wave ac-

tivity, stating that when the anomalous and climatological

waves are in phase and the anomaly is relatively small com-

pared to the climatological wave, then linear interference will

occur. Therefore, changes in the location of the climatological

waves (i.e., due to bias corrections in our experiments) could

be the cause of differences between our experiments. We test

how the bias corrections have affected the phase of the cli-

matological wavenumber 1 by comparing the phase as a func-

tion of altitude of the StratBC and FullBC waves with the

CTRL run (Figs. 3j–l). In the troposphere there are only minor

changes to the longitudinal position due to the bias correc-

tions. There are larger shifts in the stratosphere, up to 408 at
some levels. Likewise, the phase of the anomalous wave-

number 1 in the snow forcing experiments was similar be-

tween all experiments in the troposphere (not shown). Thus,

differences in wave interference due to longitudinal shifts in

the climatological or anomalous wave should not be expected to

cause a different atmospheric response between our experiments.

b. Stratosphere-to-troposphere downward coupling

The stratospheric wind response to the snow forcing shows

some differences between the climatologies (Fig. 2a). Now we

investigate the downward propagation and resultant surface

response by looking at the daily polar cap (608–908N) geo-

potential height (Zcap). In Fig. 4 a weak polar vortex is indicated

by a positive (red) geopotential height anomaly above 100 hPa.

For all three climatologies the stratospheric response to the

October snow anomaly peaks in mid-November, with the

weakened FullBC_SNOW vortex recovering by December.

There are interesting differences in the tropospheric response.

For all runs the snow anomaly induces a positiveArcticOscillation

(AO; negative geopotential height anomaly) signal at the surface

during October, and which lasts into November. In the CTRL_

SNOW run (Fig. 4a) there is a downward propagation from the

stratosphere to the troposphere during December, resulting

in a weak negative AO signal at the surface. In the FullBC_

SNOW run (Fig. 4c) the positive AO signal continues through

November, by which stage the stratospheric anomalies are

weakening and there is no downward propagation. In contrast

to this, in the StratBC_SNOW run (Fig. 4b) the positive AO

weakens during November, similar to the CTRL_SNOW run,

and then there is downward propagation, which leads to a

strong negative AO signal at the surface which persists into

early January. Focusing on the period from 15 December–

15 January we find a significant difference in the averaged

1000-hPa polar cap geopotential height response to snow forcing

FIG. 4. Daily Zcap response due to snow anomaly, normalized by standard deviation at each pressure level, for

(a) CTRL_SNOW2CTRL, (b) StratBC_SNOW2 StratBC, and (c) FullBC_SNOW2FullBC. Stippling indicates

significant differences between the snow and control runs at p , 0.05.
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in StratBC (p , 0.05) but not in CTRL, or FullBC (Fig. S2).

However, even in StratBC runs the response is still small com-

pared to the variability.

The difference between the surface response to snow across

different climatologies during 15 December–15 January is

tested with a Kolmogorov–Smirnov test and shown with the

histograms in Figs. 5a and 5b. Here we are testing whether

there is a significant difference between the snow response in

the three climatologies; CTRL, FullBC, and StratBC, with the

null hypothesis being that the response of the 1000-hPa polar

cap geopotential height to the snow forcing is the same for the

three experiments. We choose the period 15 December–

15 January, since the time series in Fig. 4 indicates the largest

difference between the experiments for that time period. We

find a significant difference between the response of the

StratBC and FullBC experiments at p , 0.05. For the

difference between StratBC and CTRL the t test has a p

value , 0.10, but not p , 0.05, implying we have up to 10%

probability that the hypothesis is wrong. Considering we are

testing the difference of a response we accept the lower sig-

nificance level in this instance. No significant difference was

found between the responses of FullBC andCTRL.During this

period, the mean 1000-hPa Zcap response in FullBC_SNOW is

negative, and in StratBC_SNOW is more positive than that in

CTRL_SNOW, demonstrating that the strength of the clima-

tological stratospheric vortex, which is roughly similar in

FullBC and StratBC, does not strongly affect the stratosphere–

troposphere coupling in our experiments. The histograms

shows the large variability in the surface response compared to

the small signal. For example, the mean Zcap response in

FullBC is around 20 m less than StratBC, which has a standard

deviation of 50 m. This shows the importance of large

FIG. 5. (a),(b) Histogram of Zcap response at 1000 hPa: CTRL_SNOW 2 CTRL (green), StratBC_SNOW 2
StratBC (red), and FullBC_SNOW 2 FullBC (blue). Vertical lines indicate mean values. (c) Monte Carlo simu-

lations ofZcap 1000-hPa snow response for CTRL, FullBC, and StratBC; ensemble was randomly subsampled 5000

times for each number of ensemble members; shading shows one standard deviation.
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ensembles for seasonal forecasting if this phenomenon is to

be captured by models, due to the relatively small changes to

the probability distribution of the forecasted climate states.

In Fig. 5c we use a Monte Carlo method to test if the number

of ensemble members is sufficient for our conclusions. We

randomly subsample our simulations, and test the response

due to the snow. We ran the test 5000 times for each number

of ensemble members (from 1 to 99 subsampled members),

and the shading shows the standard deviation from those

5000 tests. It showed that the response had largely stabilized

by 80 or 90 members, and additional runs will not change the

conclusions.

Now we have determined there are differences in the surface

impact between the climatologies, we consider what could be af-

fecting the downward propagation of the stratospheric signal to the

surface. In Fig. 6 we test the effect of the bias corrections on

downward propagation by correlating the Zcap at 10 hPa on

1 November with the daily Zcap at all levels, and show ERA-

Interim for comparison. As we are interested in the internal dy-

namics for each experiment, we show the correlation in the control

runs and snow anomaly runs separately. The ERA-Interim results

in Fig. 6a show the extended stratospheric time scales, with sig-

nificant correlations extending up to two months. The time scales

are shorter in all model runs, extending up to onemonth. Likewise

the stratosphere-to-troposphere signal is stronger inERA-Interim,

but still present in the models. This is consistent with the findings

ofGerber et al. (2010), where they found similar results for a range

of models (i.e., their Fig. 10). There are differences between the

climatologies, where the CTRL and StratBC runs have a slightly

longer stratospheric time scale and the downward propagation is

delayed compared to the FullBC runs, however, that is not true for

the CTRL_SNOW, StratBC_SNOW, and FullBC_SNOW runs.

Since snow forcing should not affect stratospheric time scales,

which are controlled by radiative processes (Hitchcock and

Shepherd 2013), the differences between model climatologies are

not systematic and likely due to internal variability. We conclude

that the time scales of stratospheric variability are shorter in the

model than in observations, and there is weaker downward cou-

pling, but this is not significantly affected by the bias corrections.

The persistence of the lower-stratospheric NAM is important

for the tropospheric response to SSWs (e.g., Maycock and

Hitchcock 2015). This is tested in Fig. S3, which shows the lagged

relationship between October–November Zcap at 100 hPa and 15

November–15 December Zcap at 1000 hPa. We find a similar re-

lationship between the experiments, implying that the bias cor-

rections do not alter the persistence or stratosphere–troposphere

connection. Hence, the lack of a surface signal in the FullBC_

SNOW experiment is not due to the bias corrections preventing

downward propagation of the stratospheric signal. The latitude of

the tropospheric jet has been shown to influence stratosphere–

troposphere coupling (Garfinkel et al. 2013), so the influence of the

jet position in theNorthAtlantic andNorth Pacificwas tested. The

FullBC run tended to be closer to ERA-Interim in magnitude and

latitude, as expected.However, the latitudinal differences between

the runs were around 18–28, too small to explain the differences in

the snow response (not shown).

The monthly progression of the surface pressure response is

shown in Fig. 7, for the CTRL_SNOW (Figs. 7a–d), StratBC_

SNOW (Figs. 7e–h), and FullBC_SNOW (Figs. 7i–l), and as a

comparison to observations we show a regression between October

Siberian 2-m temperature and surface pressure using ERA-Interim

data (Figs. 7m–p), followingTyrrell et al. (2019). First, we look at the

differences between model and observations. In October and into

November the ERA-Interim regressions show high pressure over

northern Eurasia. This pressure field is consistent with cold

Siberian temperatures and increased snow extent (e.g., Tyrrell

FIG. 6. Correlation of 1 Nov Zcap at 10 hPa, with all levels and days from 1 October to 31 December, for (a) ERA-Interim and (b)–(g) the

different model climatologies. Hatching indicates significance: p , 0.05.
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et al. 2019). The October and November pressure anomalies in

the snow perturbation experiments are different, with a high

pressure anomaly farther south and east. The higher pressure in

eastern and central Asia is a direct response to the surface

cooling due to the snow anomaly: a thermal anticyclone that is

aligned with the strongest cooling.

Focusing now on the evolution of pressure anomalies in the per-

turbation runs, in the CTRL_SNOWrun a negativeAOdevelops in

November and persists into December, with a significant deepening

of the Aleutian low and a weak polar response, then there is little

significant response in January. In the StratBC_SNOW run a nega-

tive AO develops in December and then strengthens into January,

with significant polar and midlatitude SLP anomalies. During

October and November in the FullBC runs there is a negative

anomaly in the North Atlantic, and the Aleutian low weakens.

Novemberhas somezonal asymmetries, buta strongpositiveNAOis

present, then a positive AO develops in December, before fading in

January. The positiveNAOpattern inNovembermayhave played a

role in preventing the downward propagation of the stratospheric

signal in the FullBC runs. We tested this by subsampling the results

and conditioning on positive November NAO (shown in Fig. S4). It

was found that a positive NAO pattern in the CTRL and StratBC

experiments did not lead to a reduction in downward propagation.

Further, when conditioned on a positive NAO and a weak vortex

(i.e., attempting to maximize the stratospheric signal by removing

years without a strong stratospheric signal, not shown), the FullBC

experiment showed some weak downward propagation, implying

that a positive NAOdoes not prevent downward propagation in the

CTRL and StratBC experiments, or when there is a strong enough

weakening of the stratospheric vortex in the FullBC experiment.

Both these results indicate that a positive NAO pattern alone is not

sufficient to prevent downward propagation. Given a major differ-

ence between theFullBC, andCTRLandStratBC climatologieswas

the tropospheric adjustment to the snow forcing, it seems likely that

FIG. 7. Mean sea level pressure response to snow anomaly in the (a)–(d) CTRL, (e)–(h) StratBC, and (i)–(l) FullBC experiments, for

October to January. Gray contours showmonthly climatologicalMSLPwith zonal mean removed. (m)–(p)A regression betweenOctober

Siberian 2-m temperature (408–608N, 608–1408E) and surface pressure for October–December, using ERA-Interim data from 1979 to

2016. Stippling indicates significance: p , 0.05.
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this contributed to the lack of propagation; however, the exact

mechanism is not clear.

Finally, we looked at the delayed Eurasian 2-m temperature

response to snow forcing, which may be associated with a

negative AO response in sea level pressure fields (e.g., Butler

et al. 2019). November, December, and January temperature

fields were tested and no significant delayed response was

present for any of the experiments, likely due to the weak

pressure response and because of the damping effect of the

climatological SSTs used in the experiments.

5. Conclusions

In this studywe have used a novel bias correction technique to

simulate different background climatologies in the atmosphere-

only model ECHAM6, and in particular significantly reduced

errors in the simulated stratospheric polar vortex present in the

control model version. The bias correction technique artificially

reduces errors in the model’s wind and pressure fields, while

allowing the model to freely respond to perturbations. Two

different sets of experiments were performed in which bias

corrections were applied to the troposphere and stratosphere or

to the stratosphere only. A Siberian snow extent anomaly was

introduced to test the response of the model to a surface per-

turbation within the different climatologies. The snow anomaly

induced a weakened stratospheric polar vortex from October to

December in the three climatologies, with the magnitude of the

weakening having no clear dependence on the strength of the

climatological vortex. We found the strongest surface response

to the weakened stratospheric vortex in the model with a bias-

corrected stratosphere (i.e., no tropospheric bias corrections),

where the snow anomaly andweakened vortex induced a surface

pressure response that was similar in sign and area to the control

run but stronger. In contrast, the model with bias corrections in

the troposphere and stratosphere had no significant surface re-

sponse, and downward propagation of the stratospheric signal

was suppressed.

The initial response in October to the snow anomaly was

similar among the three experiments, showing a strong high

pressure over the snow region balanced with low pressure over

North America, the North Pacific, and Europe (CTRL and

StratBC), or the North Pacific and North Atlantic (FullBC), a

strengthening of the climatological wavenumber 1, an increase

in HF at 100 hPa, and a subsequent weakening of stratospheric

zonal winds from mid-October. Moving into November, the

three experiments still show many similarities. Most notably is the

similar magnitude of the decrease in the polar vortex, notable since

there is a large discrepancy between the strength of the vortex be-

tween the three control runs. The FullBC and StratBC runs had

uz60Nabout10ms21 greater thanCTRL(75%reduction in thebias)

yet the anomalous decrease in the snow runs was very similar.

Hence, the magnitude of the stratospheric wind anomaly is not de-

pendent on the strength of the polar winds. The polar vortex re-

sponse is further elucidated in the daily Zcap, where we see the

stratospheric geopotential height response in StratBC and FullBC

runs is also delayed compared to the CTRL runs; however, the

subsequent anomaly is of comparable magnitude. This result differs

somewhat from those of Fletcher et al. (2009) (i.e., their Fig. 10),

where an initially weaker vortex is associated with a stronger

stratospheric geopotential height anomaly.

As the anomalies progress into November and December

some differences emerge. Although the differences are small

relative to variability, we see a lack of downward propagation

in the FullBC runs compared to a significant downward prop-

agation in the StratBC runs in December and January, leading

to a negative AO signal in early January. From the time series

of HF (Fig. 2b) it would seem that the persistence of tropo-

spheric anomalies to an October Siberian snow forcing is

necessary for a sustained stratospheric response, and the sus-

tained stratospheric response leads to a strong surface response

in December–January. The persistence of the stratospheric

anomalies and subsequent downward propagation in the

model has shorter stratospheric time scales than observations,

but they are not greatly affected by the bias corrections.

A number of factors that could explain differences in

downward propagation were tested, such as the jet latitude in

the North Atlantic (e.g., Garfinkel et al. 2013), the phase of the

climatological and anomalous waves, and the role of a persis-

tent positive NAO, but these were also found to not be sig-

nificantly affected by the bias corrections. Hence, some other

dynamical process, which we cannot identify, must be re-

sponsible for the difference in downward propagation between

the StratBC and the FullBC and CTRL runs.

Further, there was no significant delayed European tem-

perature response for any of the experiments; that is, October

Siberian temperatures and November, December, or January

European temperatures show no correlation. We note that

since our experiments use fixed SSTs this may dampen the

surface temperature response. Regardless, given the lack of a

delayed temperature response to such a strong surface forcing,

our results further question the usefulness of Eurasian snow

cover as a single predictor for seasonal forecasting.

The snow perturbation experiments have limitations thatmay

affect the responses. The pressure fields in Fig. 7 demonstrate a

major discrepancy between our perturbation runs and nature. In

nature, the snow anomaly is the result of large-scale dynamics

and is consistent with the large-scale fields, whereas in our runs

we impose snow and thenwe study the response. Thus, the snow

anomaly is inconsistent with initial dynamical fields. A snow

extent anomaly may be an important seasonal predictor because

it amplifies the larger atmospheric conditions that result in a

weakened stratospheric vortex, but alone it may not be a strong

enough to consistently overcome the largewintertime variability

and hence impact wintertime surface temperatures. Although

our experiments are unable to test for this amplification, they do

allow us to single out the effect of the snow on the atmo-

sphere. Once we have isolated that effect, we then test the

influence of model biases on the response. The difference in

the pressure fields between observations and the experiments

is clear in October, yet the perturbations generate a signifi-

cant upward wave flux. A more realistic large-scale circula-

tion may have affected the magnitude of the upward wave

flux, but given that it is similar between the three climatol-

ogies this does not appear to be related to model biases.

Experiments accounting for pre-existing circulation anoma-

lies during years with large snow cover may be required to
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fully understand the impact of the Siberian snow extent on

the wintertime circulation.

Correct representation of teleconnections, including those

that act through themodulation of the polar stratospheric vortex

such as the October Siberian snow–AO connection, are neces-

sary for skillful seasonal forecasts. We have shown that dy-

namical bias correction can lead to a different surface response

to Siberian snow cover, and hence model biases likely influence

the skill of seasonal forecasts.Whilewe find the differences due to

bias corrections are small, we note that it may be due to the fact

that the forcing is relatively weak. Further work is underway to

test how bias corrections affect other teleconnections known to

contribute to seasonal forecast skill, such as El Niño and the

QBO. A broader question remains about the usefulness of this

technique for seasonal forecasting. The different responses be-

tween the bias-corrected runs indicate the difficulty in using this

method for operational forecasting; however, a greater under-

standing of the role of biases may shed light on the areas of focus

for model development.
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